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SUMARY
The objective of this work is to develop an■analytical framev/ork 
for the investigation of the innovative process and the measurement 
of technological change based on the growth of low density 
polyethylene (laPE). This provides the base for the consideration ’
of growth models incorporating the effects of technological change, j
i
As a background to the work, other studies on innovation and 
technological change are reviewed including the contribution of 
technology to the growth of the firm and the economy.
The factors affecting and generating innovation leading to 
technological progress and expansion of IdPE in the U.K. are discussed. 
Interaction, of many variables and the technological developments across 
a wide range of firms and industries have contributed to the high 
growth rate. Areas of particular importance that are discussed 
are petrochemicals, polymerisation, processing, printing.and control 
equipment.
Using the data and information collected in reviewing the technical 
and commercial developments of IdPE, methods of measuring technological 
change are investigated. Production, cost and demand functions are 
used, as well as the analysis of the activity of patents and scientific 
publications.
The construction of growth models for IdPE taking into account 
the innovative process and technological change are considered.
These are based on the analysis of supply and the changing effects 
of demand over time.
Finally, consideration is given to the extension of this work in 
developing short and long teim forecasting models incorporating 
the effects of technological change.
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INTRODUCTION
Although technological change is recognised as a major component 
in economic progress, the factors responsible for its generation 
and the process in which it is created are not always clearly 
understood.
However, several stages of the innovative process have been 
identified. (Table l) Depending on the nature of the invention, 
various factors will be associated with the complex and often
Table 1 Stages in the Innovative Process
1. Invention (the creation of the idea)
2. Innovation (commercial development of the idea - new or
modified product or process)
3. Diffusion
4. Acceptance
unpredictable path. The continuing development and modifica'.tion of 
an original invention, leading to further invention and innovation, 
results in a complex feedback system.
There is a need for a clearer understanding of the process and 
the identification of the key factors in the different stages. This 
is essential both to Government and industry if the full impact of 
technological progress is to be recognised and taken into account 
in future planning.
Considerable work has been done on various aspects of innovation 
and technological change, and this will be discussed in Part 1, but 
little attention has been given to studying specific products. At 
this level it should be possible to investigate the process in more 
detail and to recognise the importance of specific factors. It was 
therefore decided to carry out a study on a particular product.with, 
the objective of investigating the innovative process and measuring 
the subsequent technological change.
Low-; density-polyethylene was selected for several reasons, but 
the most important one was the availability of technical and 
commercial information. As the invention came from a British
?company details on this stage of the process were more accessible.
The product had grown very quickly in a short time and several 
periods in the growth cycle were available for study.
However, there was the disadvantage that the range of products 
made from IdPS was very large and even the polymer granules and 
powder were supplied in many grades. Also two distinct manufacturing 
processes were used in producing the finished product (Figure l).
Figure 1 Manufacturing Stages of IdPE
ET'ii.eHt
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Although more attention has been given to the primary stage of 
manufacturing in this work, the developments in other areas have 
been considered where it is felt a major contribution has been made 
tc the growth of the product.
The thesis is presented in four parts.
Part 1 (Chapters 1 and 2) provides an introductory background 
to the thesis. This includes a review of the literature on innovation 
and technological change and an analysis of the innovative process.
Part 2 (Chapters 3-6) analyses the innovations and resulting 
technological changes associated with the growth of IdPS.
Developments in ethylene manufacturing, processing and fabrication, 
as well .as ethylene polymerisation are considered. Additional 
supplementary information and data is presented in three appendices.
Part 3 (Chapters 7 and 8) relates to the measurement of 
technological change. Methods of measurement are reviewed and the 
analytical work on IdPS is presented. The detailed results are 
contained in an appendix.
3Fart. 4 (Chapters 9 and 10) discusses the construction of growth 
models for IdPE, based on the analyses described in Part 2 and 
the methods -and results of Part 3«
PART I
INNOVATION ANN TECHNOLOGICAL CHANGE
The two chapters in this section provide an introductory 
background to the other parts of the thesis.
In Chapter 1, the varying and often unpredictable effects of 
innovation and technological change on mankind are mentioned. 
Although recognised as a major component in economic growth, little 
attention has been given to enquiring how innovations are generated.
A review is made of growth models incorporating the effects of 
technology. Other studies on innovations and technological changes 
are surveyed. Thus, the chapter provides a background to present 
day thinking on the contribution of innovation to the growth of the 
economy and the firm.
In Chapter 2 the innovative process is analysed by considering 
the interaction of three components - the firm, the idea and the 
buyer. The contribution of these components in bringing about 
technological change is analysed in detail in Part 3 - Measurement 
of Technological Change,
Chapter 1 Innovation and Technological Change - A Review
1.1 Man and Technology-
Stone Age man had not developed far enough for him to conquer 
his environment hut already there was evidence that he was matching 
his skill against animals with the use of how and spear in hunting. 
Further, with the discovery and use of fire man started his close 
association with technology; the high quality engravings and.wall 
paintings left behind in caves and on rocks depict his developing 
artistic and technical skills.
Neolithic man was emerging from the primative state with the 
acquisition of technical skill leading to increased food supply, 
stock keeping, semi-permanent settlements and the beginning of 
agriculture.
The Mesopotamian and Egyptian civilisation are noted for their 
technological progress and the development of the sail and wheel.led. 
to increased trade and the diffusion of technology. Improved methods 
of transport encouraged the exchange of products of superior technology 
for raw materials in neighbouring countries.
However, the development of technology was not always associated 
with man’s basic needs or raising the subsistence level. Particularly 
in metal workings,.skills were often acquired in work on weapons and 
decoration.
Technological change has not always resulted in progress. When 
the Greeks and Romans in succession conquered the ancient civilisations 
of the Near East they gained much; "but there was also much they 
destroyed and what they devised in its place was rarely superior and 
often inferior to the technical achievements of earlier ages" (l).
As described by Andrei Amalvik (2) "in Fifth Century Rome with its 
six storey, houses and steam driven mills, a planner might have predicted 
twenty storey houses and mechanised industry for the Sixth Century.
However in the Sixth Century goats were chewing at the grass of the Forum" 
In the.growth of technology, from the very earliest days up to 
almost the beginning of the industrial revolution, progress had been 
based on empirical methods without any understanding of the underlying 
fundamental principles. Some technologies and processes, such as | 
dyeing,tanning, smelting, glazing of pottery and glass making,had
reached advanced levels long before the chemical revolution of the 
late Eighteenth Century began to put chemistry on a scientific, basis. 
Technological change was dependent on the use of empirical methods 
by practical men.
Science and technology went their separate ways until the 
European Renaissance, with technological change gathering momentum 
from the efforts of craftsmen and their inventions. Science and 
technology did not come -together in one step but slowly over the course 
of three centuries (3)•
"In the Eighteenth Century quantitative natural science, based on 
the combination of experiment and reason, began its triumphal march.
This opened a new period in the history of technology too. Effort 
was now made to apply the concepts of science to technological 
activity, hitherto based predominantly on traditional practice and 
experience. In this way a systematic rational technology, built on 
scientific discoveries, began its career in the cultural history of 
man. It is nevertheless remarkable that not until the second half of 
the Eighteenth Century did great and beneficial technical creation 
take place, - while the first half of the century was devoted rather 
to the collection, classification and scientific development of 
technical knowledge already available".(4 )
In their account of the development of industrial chemistry 
Musson and Robinson (5) comment that useful chemistry was no longer 
medieval but rather industrial. Also they noted that the practical 
attitude of many members of the Royal Society in bringing in "accounts 
of everything from mining of minerals to soap making and dyeing; 
though this did not influence industry to any great extent, it did 
help to spread the latest technical innovations and indicates a kind 
of chemical climate to be found in the Royal Society circle".(5)
Adam Smith (6) referred to the technological improvements not 
only by practical craftsmen but also by philosophers or men of 
speculation and remarked how, with the growth of trade and specialisation, 
the quantity of science was considerably increased.
1.2 Technological Change and Economic Growth
Although technological change since the time of Stone Age man
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has been slow and has not always been confined to social and non- 
destinctive purposes, no-one would disagree with Cairncross.... 
"technological change has been the mainspring of economic and social 
progress over the past two centuries..." (7), also echoed by Langrish et 
"Progress in technology is one of the mainsprings of modern society".(8) 
They are not alone for Peck, Caves et al say "one persistent theme 
expounded by Britain’s postwar leaders is that technology can be its 
major resource - the Twentieth Century equivalent of coal".(9 )
In the last 100 years technological progress, judged by the upward 
trend in the average productivity of labour (Figure l) has in fact been
Fig. 1 Real wages and output/manhour, U.S. 1900-1970
very high. Technological progress and the availability of natural 
resources has evidently been strong enough to make nonsense of 
predictions based on diminishing returns or marginal productivity.
By the middle of the 1950's evidence had accumulated which 
suggested two things - that technological change is a major - 
many economists would argue the major determinant of the economic 
growth of rapidly growing societies and that the forces shaping 
technological change are, at least to a very large extent, economic 
and,therefore, far from being an exogenous variable (10). Previously 
few economists recognised the importance of technology, worker skills
(i) Capital and labour fitted to various production functions accounted 
for only a fraction of output. This pointed to other unaccounted for 
factors of production - technology, effect of education and 
training, etc.
and management to economic growth*
Faced with the heady pace of technological change since the end 
of the Second World War and the rapidly rising rate of growth of domestic 
products in the industrial countries (Table l), it is tempting to rashly
Table 1 Average annual growth rates of real domestic products at 
market prices
1950-60 1960-69
France 4.4 5.6
Germany (w) 7.7 4.5
Italy 5.5 5.2
Japan 8.0 10.3
U.K. 2.7 3.0
U.S. 2,9 5.1
Source: U.E.O. Statistical Yearbook 1970
extrapolate this rate into the future. However, a brief glimpse at 
the history of technology indicates that such a crude method will not 
take account of the interaction of economic, political, social and 
technological changes.
Considering the rapid growth in Europe following the war one 
could argue that this was simply a result of making up for the time 
lost and the destruction of the war period. However, the pace continued 
well beyond the time required for recovery. Landes (ll) states "that 
the continued high productivity of capital was due to the technological 
lag - already serious before the war but much aggrevated, particularly • 
in non-essential industries, by the years of emergency and dislocation". 
As a result of the period of disruption, industry had not renewed plant 
that in many cases was old and technically obsolete even at the 
beginning of the war. Processes and equipment had not been renewed 
and average practice working was at a very low level of technology. 
Therefore it was understandable that investment continued at a very 
high rate. Landes goes on "Thus the technological gap and the strong
demand and cheap labour contributed mightily to the high returns. 
Because of the exogenous interruptions of the normal process of 
technological diffusion, the marginal gain in efficiency and quality 
afforded by new technologies was exceptionally large - larger perhaps 
than at any other time since the early Nineteenth Century". There was 
no doubt that technology was playing a vital part in the post-war 
economic growth rate. However, this high rate, (Table 2) although
Table 2 Index per capita domestic product at constant prices
(1963 = 100)
1953 1958 1964 1969
France 68 82 105 127
Germany (V/) 60 80 105 127
Italy 62 76 102 126
Japan 46 62 112 I84
U.K. 81 88 105 116
U.S. 89 . 88 104 123
Source: U.N.O. Statistical Yearbook 1970
increasing the standard of living for millions of people, has produced 
unpleasant side effects.
1.3 Economic Growth and Standards of Living
The effect of increased economic growth is to change the living 
pattern of the population so that what were once luxuries become 
necessities. For example, the deterioration in urban public transport 
may upgrade the car used previously for pleasure, to a necessity for 
reaching work. For the section of the population'without private 
transport this reduction in public service may represent a greater 
decrease in living standards than the ability to purchase a colour 
television set represents an increase.
It is recognised that per capita G.N.P. is a poor measuring
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instrument for standards of living and human satisfaction^ as it 
does not take into account the side effects of rapid technological 
change or those needs that are not readily expressed in market 
demand - clean air, aesthetically satisfying surroundings, the 
amenities of nature. The side effects of economic growth are often 
of a highly non-linear character, appearing rapidly, and creating a new 
collective need for their abatement and control. (12) Another O.E.C.D. 
report states "the growth process itself generates side effects which 
may he socially undesirable or, in some cases, actually dangerous: 
urban congestion, the decay of city centres, pollution of the environment 
are obvious examples." (13)
1.4 Technological Change in Growth Economics
In the work of the classical economists - Maithus, Ricardo and 
the Mills,.technological change was not totally ignored (14). However, 
with certain exceptions, namely Marx, Veblen and Schumpeter, economists 
tended to treat technology as embodied in land, labour and capital (15)• 
Marx (16) considers technological change as the prime mover in 
capitalist development and it also played a central role in Schumpeter*s 
analysis of capitalism (17)*
Both Harrod (l8) and Domar (19) recognised the effect of technology 
in their growth models. Harrod's model written as G = S/C, where G is 
the expected rate of growth - called 'warranted' by Harrod, S the 
fraction of income which individuals and corporate bodies choose to 
save, C the value of the capital goods required for the production 
of a unit increment of putput. The value of C depends on the state 
of technology and the nature of the goods making' up the increment of 
capital. The model is based on the principle that the total increase 
in capital is equal to the savings made during the same period.
Harrod introduced further terms in the equation to account for the 
fact that some of the capital expenditure was not directly concerned
(i) A "happiness index" based on work,- stress and personal satisfaction 
has been compiled by Sanwa, one of Japan's biggest banks, for 
major industrial countries. The Economist has compiled its own 
rating - The Economist 25.12.71? 22.1.72, 1.4.72.
with increasing immediate current output hut for long term activities. 
This long term investment he considered as consisting of two types, 
investment that was influenced hy the current level of income and that 
which was hardly affected by the rate of growth or income. For example, 
capital expenditure induced by new inventions calculated to reduce . 
production costs or change consumers pattern of spending is not related 
to an increased increment of output. It is designed to alter the 
method of some form of existing production or to substitute a new 
product for an existing one in the consumer budget. The model does 
not take into account the effect of labour on the growth rate and 
Harrod introduced the 'natural' rate of growth to indicate the maximum, 
attainable rate of growth based on the annual rate of growth of the
labour force, n, and the rate of labour saving technological progress, m.
SThus for full employment the conditions are = n 4- m
Domar (19) presented a model very similar to Harrod's which did 
not assume that factors of production or technological progress remained 
constant. Similarly his model defined an equilibrium state of growth 
dependent on the growth of labour, natural resources and technological 
progress.
Joan Robinson (20) includes technical conditions as one of the 
six classes that determine equilibrium growth. She also considers 
the "number and quality of the labour force, with its propensity to 
grow through, time; the state of the industrial acts, with their 
propensity to be improved; and the supplies of natural resources as . 
the most'important determinants of production". However, Ruttan 
comments (.21) that like the other growth economists she does not 
attempt to enquire how the technological changes are generated, except 
to say there is a "cross connection between the level of investment 
and technical conditions" and "investment in research has an influence 
on the growth of technical knowledge".
Hahn and Matthews (22) on the theme of investment and technical 
progress say "it has been stated that capital accumulation and technical
(i) The others are investment policy, thriftiness conditions, competitive 
conditions, wage bargains and financial conditions.
progress influence each other in such a way as to make the separation 
of the two impossible or useless.
1,5 Solow, Kaldor, Growth Models and Technological Change
The exogenous treatment of technological change was criticised 
by Kaldor and in several papers (23a)be developed a-growth theory 
based on technology embodied in capital. In an extension of this work 
with Mirrless (23b) a technical progress function was developed linking 
the growth of output/man to the rate of investment/man, based on 
continuous technological progress and a steady rate of increase of 
working population.
m
P
V ,
annual rate of growth of productivity/worker operating on new
equipment - ^t/
/ p
t
xt
rate of growth of investment/worker - /.
Pig. 2 Technical progress function, ICaldo.r and Mirrless
Cv\
t
*
»
Sources Ref. 23b
In relating technical progress to the investment on new equipment 
Kaldor arid Mirrless adopted the vintage approach to capital. They 
also took into account the possibility of increased efficiency on
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installed equipment due to the effect of accumulated know-how. which they 
balanced against additional running costs through ageing. A downward 
shift of the function over time would indicate technological progress 
leading to a higher output for the same amount of investment.
This technical progress function is shown to increase at a 
decreasing rate which can be explained by considering the technical 
progress acting in two ways - an exogenous increase in ideas and the 
extension and exploitation of these ideas by learning. More investment 
permits the stock of ideas currently available to be more thoroughly, 
explored and developed, but there are limits to their potentialities; 
hence the tendency to diminishing returns (22).
In Solow1s model (24) a more flexible approach to the rigid 
capital/output ratio in the Harrod model was introduced by using a neo­
classical production function which allows capital, labour, substitution 
for a fixed output. This assumes that for a specific function the 
technology is available for producing a given output with any capital/ 
labour ratio. A change in technology is represented by a shift in 
the production function. This approach taken literally does not consider 
the affect of capital accumulation on technical knowledge, as in 
Kaldo,r’s model. Kaldor (23a) states "The use of more capital per 
worker...inevitably entails the introduction of superior techniques 
which require "inventiveness" of some kind. The suggestion is that 
it is artificial to try to separate this kind of inventiveness from the 
inventiveness that shifts the whole function".
1,6 Keutral Technological Change. Hicks and Harrod
A lot of the earlier work on technological change was concerned 
with the classification into categories of neutral, capital or labour 
saving technological change. Labour saving technological change was 
considered in Harrod*s growth model and this is often referred to as 
Harrod*s neutral technological change. In this form the technological 
change is increasing the productivitycsfeach worker so that, for example, 
the output could be doubled for the same labour force. This is similar 
to the growing effect of the working population without this type of 
technological change. This can be represented by the function
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C. = f(-K, A(t)L)
'where the. term A(^)L represents the improved productivity of the 
labour force L brought about by technological progress specifically 
associated with labour improvements.
In the case of technological progress falling equally on capital 
and labour the production function can be written, as 
q = A(t)f(K,L)
This can he represented on the isoquant diagram (Figure 3) hy an equal
1 Fig. 3 Production isoquants for the production function 
Q = f(K,L)
K
L
reduction of the K and L scales in proportion to the value of A(t).
This type of technological change is referred to as Hicks neutral 
technological change but this will not lead to-steady equilibrium 
growth except in the case of output expressed by a Cobb Douglas 
production function. This is the only case where Hicks and Harrod 
technological change is equal.
Solow also considered the case where technological progress is 
embodied in capital. This function can be expressed as 
Q = f(a(t)K,l)
Further discussion on the specific use of production functions 
in the measurement of technological change will be left until Chapter 7*
1.7 Production Inputs and Technological Change
Although considerable attention was given to classifying technological 
change into labour saving, capital saving and neutral, more recently
attention has been given to looking for the conditions that may have 
been responsible for this factor saving bias or lack of it in 
technological change. The data in the U.S. and U.K. has shown a 
marked increase in the value of capital/man (Figure 4 ) while the rate
Fig. 4 Net national product, net capital stock and population,
u.s.,1900-1970
<1o
|C|CO
of return on capital (Figure 5) and distribution of income to 
Fig. 5 Interest on corporate bonds. U.S. 1900-1970
5 ■
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labour (Table 3) has only shifted slightly. This indicates that 
Table 3 Labours share of gross domestic product. U.K.
1940 1950 i960 1970
Income from employment (£m) 3,7H 7,543 15,174 30,487
G.D.P. at factor cost (£m) 6,066 11,329 22,583 42,307
Income
G.D.P. x 100 (£) 61.2 66.4 67.2 72.1
Source: Annual Abstract of Statistics
technological progress has not been strongly biased in the labour 
saving direction. However, a persistent bias in technological progress 
could suggest that there is no market mechanism operating to counteract 
the bias. This is Schumpeter's (25) view who stated that there is 
no reason to believe that technical change is directly responsive 
to market pressures.
This view can be argued for the firm in a competitive market 
where the wages and interest rates are not determined by the firm.
The individual firm is therefore not concerned with the factor saving 
character of improvements but with the overall reduction in costs. 
Therefore, when the actions of all producers are considered together 
they may not be in line with the availability of the resources. This 
will affect, and change if necessary, future prices. Under these 
circumstances the individual firm can take no account of these 
repercussions. Therefore the only explanation for the constant 
capital/output ratio (Figure 6) is by the action of technological change.
Fig. 6 Capital-output ratio. U.S. 1900-1970
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The opposite of this, induced market technological change, is 
based on the firm reacting to changes in factor prices such that 
share changes in factor rewards, relative shares and the capital-output 
ratio are offset by appropriately slanted technological change.
Obviously'this mechanism requires the firm to have information of 
future costs and markets, on which a decision to innovate must be 
based. A firm with considerable experience of operating in a particular 
market will have acquired knowledge over time that will be useful in 
making decisions on future innovation. Certainly factor costs will be 
taken into account, particularly anticipated future costs.
The rate of technological change affects future development in 
the form of obsolescence, and by producing cheaper machines and cheaper 
workers, generates its own pressures to bring about factor substitution. 
However, in any sector of industry there is always a large gap between 
average costs of the firms using the latest processes and equipment 
and those using old outdated methods. Salter (26) found that the delay 
in installing new equipment-was controlled by relative factor prices.
It is the spread of new products and processes throughout industry 
that is necessary for growth - "it is technical change, not knowledge 
production itself, that is a condition of growth. Technical change 
does not occur until the new knowledge has spread and has been embodied 
in the commodities that appear on the market" (27)
1,8 Studies on Technological Change and Innovation
The work and writings relating to technological change can be 
considered as falling into the following categories though in many 
cases the studies are spread over several areas.
(a) The learning process in technological change.
(b) Inventions.
(c) Innovation^factors in the innovative process.
(d) Industrial research and development. Policy. ’ Management.
Project selection.
(e) Specific case studies.
(a) Considerable attention has been given to the effect of learning 
on the rate of technological progress and Arrow (28) incorporated this 
idea into his growth models. Improvements in techniques as such do not
result from the passage of time hut from experience gained in using 
the techniques and overcoming associated problems. For a particular, 
product or process, the improvements obtained from learning will be 
expected to fall off in accordance with the standard learning curves 
(Figure 7)» Svennilson (29) suggested this was the pattern of a
Fig. 7 Standard Learning curves
U-wL oayl 
C a /
newly installed machine, where the output increased as the teething 
troubles were removed and the operators became familiar with the 
process.
Learning was first observed for manufacturing operations in 
1925 for the assembly of air frames by the Commander of Wright Field, 
Ohio (30)« Later studies of aircraft assembly revealed a learning 
curve showing an 80^ rate of learning between doubled quantities.
The use of learning curves to predict future costs has been recognised 
by Hirschmann (31). Commenting on the shape of the learning curve 
he said "a relatively rapid early growth, gradually slowing to approach 
some asymptote that may be displaced upward by substantial effort 
and capital. It seems reasonable to believe that this technical skill 
will continue to result in such enhancement patterns so long as 
incentives occur to prod the search for improvements".
(b) In considering invention it is necessary to realise that it is 
often difficult to separate it from innovation. An invention may be 
taken up quickly and developed into a commercial production process 
or may remain unused for many years before development takes place, 
often by someone other than the inventor, or at worst never used at all. 
Allen (47) noted that in every corporation only a proportion of
innovations begun as inventions in the firm. Of 25 of D.u Pont* s 
products and processes (1920-50) only 10 were inventions of the 
company.
Schmookler (32) considered the stimuli necessary to lead'men to 
make important inventions and stated "invention is largely an economic 
activity, which, like other economic activity, is pursued for gain."
He also found a close correlation between the rate of patent application 
in certain industries and the economic growth rate..
Commenting on the timing of inventions Gilfillan states - A device- 
can no longer remain unfound when the time for it is ripe (33).
Similarly the simultaneous invention of differential calculus by 
Newton and Leibnitz may have been the logical inevitable next step 
in the natural evolutionary development of mathematics (34). This 
idea suggests that invention is not dependent on economic and social 
needs.
A very comprehensive review of invention has been carried out by 
Nelson (35).
(c) Schumpeter (36) was one of the first to consider innovation and 
innovative activity in any detail. He defined process innovation as 
"producing at smaller cost per unit, breaking off the old supply 
schedule and starting on a new one". Also, he did not think that the 
rate of invention or scientific knowledge limited the rate of 
innovation... "it is quite immaterial whether'this is done (innovation) 
by making use of invention or not", and "there may be, and often is,
.no scientific novelty involved at all...". This was also the view of 
Schmookler (32) who thought that scientific discoveries and maior 
inventions were not the stimulus for invention. He considered that 
the stimulus was the recognition of a costly problem to solve or a 
potentially profitable one to be siezed. On the other hand Blaug (37) 
states that any analysis of the rate at which techniques improve 
cannot ignore the pace and scope of inventive activity. Ruttan (2l) 
also relates invention to innovation "invention in some manner is 
antecedent to innovation and innovation in turn is antecedent to 
technological change.
Schumpeter discussed the role of innovation in "economic growth (36) 
where he considered innovative activity as coming in cycles and as a
result leading to depressions in economic activity. Thus the business 
cycle in Schumpeter's system is a direct consequence of the appearance 
of clusters of innovations.
Although the O.E.C.D. 'Gaps in Technology' studies were not 
directed tov/ards identifying the factors influencing performance in 
technological innovation the Analytical Report (38) states "Suffice it 
to say that there is almost certainly no simple, mono-casual explanation. 
Political, economic, technological and sociological factors all probably 
have some influence" and *a country's ability to innovate will not 
necessarily be related to advanced production methods".
(d) Many articles have been written with particular attention'to the 
management and organisation of industrial research. Charpie (39) 
said - The process by which the idea, the men with energy and 
commitment and the source of high risk capital get together to produce 
consequential innovation has got to be one of the most haphazard and 
in a sense miraculous things that happens in this economy of ours.
Scnumpeter recognised the need for a person to carry the 
innovation to success through "resistance and uncertainties of change 
and that this was the function of the entrepreneur".
Burns and Stalker (40) concentrated on the company organisation 
suitable for stable and changing conditions.
Bright (41) was particularly concerned with management problems 
associated with innovation, and Carter and Williams (42) emphasised 
the financial and investment decisions. Gold (43) raised doubts on 
four assumptions of technological innovation such as i) technological 
innovation is attractive to management; ii) technological innovation 
is plannable and controlable; iii) major technological innovations are 
generated by a series of essentially rational decisions devised from 
well defined organisational goals; iv) significant technological 
innovations are the results of industrial research and development.
Schon (44) viewed uncertainty as a key factor in the understanding 
of technological innovation. He suggested that innovative work of 
a corporation should be viewed as a process of trying to convert 
uncertainty to risk.
Williams (45) makes the comment that most research and development 
effort is directed towards minor product and process improvements such
as finding ways.to offset rising-wages, or material costs or to meet 
higher customer or competitive standards.
In the O.B.C.D. report - The Conditions for Success in Technological 
Innovation (34) - three factors are given for successful innovation:
i) scientific and technological capability, ii) market demand, 
iii) an agent (the firm) which transforms this capability into goods 
and services which satisfy this demand.
(e) The O.E.C.D. in their ‘Gaps in Technology1 series, ^^has reviewed 
the plastic (46) industry in its member countries,
Allen’s studies (47) on selected innovations in the steel and 
chemical industries sought to relate scientific and technological 
advances to the social, economic and political developments that occurred 
over the period of the innovation,
Jewkes' (48) case histories of many major inventions were 
undertaken to see where and under what conditions industrial inventions 
have arisen in modern times,
Mansfield’s work (49) studied the rate of diffusion of innovations 
in several different industries and found that in general a logistic 
growth curve fitted the data. Griliches1 (50) found the same growth 
pattern in the diffusion of hybrid corn as did Katz and Menzel (51)
in their studies on the use of new drugs.
Ray (52) studied the diffusion of ten processes in six countries 
but did not confirm Mansfield’s S shaped growth curve. He found that
the growth was of a linear form, and the factors having the most
significant affect on the rate of diffusion were advantages of the 
new processes in terms of overall profitability, management attitude 
to the new technique and access to capital.
The plastics industry in the major producing countries was 
examined by Freeman (53) who found that the large international 
chemical companies had been responsible for the progress in polymer 
production. He used three measures-of technical progress: research 
expenditure, analysis of patents and analysis of innovations, and found 
that technical progress resulted in production leadership. Freeman 
also developed the concept of the product cycle where the diffusion
(i) Other reports in the series cover scientific instruments, 
electronic components, j>harmaceuticals, non-ferrous metals.
of the innovation follows an s-shaped curve which can roughly be 
divided in three parts (Figure 8). This idea was also discussed by
Fig. 8. S-shaped growth curve
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Hirsh (54). and Vernon (55)»
It has been shown from studies (56). on 16 U.S. manufacturing 
industries that there is a significant relationship between research 
and development spending, and the growth rates of sales, assets and 
net income. The relationship appeared two years after the research 
and development spending and increased thereafter.
Langrish (8) surveyed a number of innovations, all Queens Av/ard 
for Industry winners. He sought to identify any common factors 
responsible for the success of the innovation. The objectives of the 
University of Sussex project SAPPHO (57) were similar, identification 
of factors affecting innovations, by considering pairs of similar 
innovations, one successful, the other unsuccessful. As in the langrish 
studies the factors were multiple but one common feature of the 
successful innovations was the presence of some person, fairly senior 
in the company, who was responsible for the project. Enos (58) found 
in his work on the U.S. petroleum industry that innovations were', 
often dependent on the results of a particular person’s untiring 
efforts at some stage in the project.
Apart from the organisational and technological climate there 
are also the affects of social factors. As Spencer (15) commented 
’’Enterprising people and cultures are more willing to accept innovation 
in product and practice than those with a set towards stability”.
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Chapter 2 A Description of the Innovative Process
The concepts developed in this chapter will he used in Part 4 in 
discussing the effects of innovation in the growth models. A more 
detailed analysis of the components of innovation and technological 
change will he described in Part 3. This will help to isolate those 
variables that need particular attention when considering the effects 
of technological change on future growth rates.
The innovative process can he considered as resulting from the 
interaction of three components - the firm (innovator), buyers and an 
idea. This is shown diagramatically in Figure 1. The idea is
Fig. 1 Components in the innovative Process
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influenced by the existing body of knowledge and changing environmental 
and social- conditions. Therefore both firms and buyers behaviour will 
have an effect on the generation of ideas that may have possible uses 
as processes or products. Similarly the ’idea’ that the firm finally 
selects for development will be influenced by the buyers present demands 
and what the firm considers the future demands will be. The part 
played by these components in the innovative process v/ill be discussed 
starting with the firm.
2.1 Innovation in the Firm
What stimulates firms to innovate, what are the limitations, what 
resources are needed? The reasons for innovation are obviously a 
part of the question 'what are the objectives of business?' Economic, 
theory has concentrated on maximisation of profits and sales growth 
but it is recognised that these are just two of the many possible aims
of business, (l) However, a minimum profit level is necessary to 
satisfy shareholders and v/ithout retained profits the firm will not 
he ahle to carry out a continuing research and development programme. 
(Tables 1 and 2)
Table 1 U.K. Research and Development Expenditure
I96I/2  1967/8
Government
(£m)^'^ (£m) 
178.1 238.6
Universities 32.4 75.2
Public corporations 21.4 4H6
Research associations 10.1 13.0
Private industry 389.4 569.8
Pood, drink, tobacco 7.1 18.1
Pharmaceuticals 16.4
■Plastics y 39.7 12.9
Chemical and coal products 42.0
Electronics and components 49.9 ,105.6
Aerospace 140.6 I63.1
Other 26.3 23.8
TOTAL 657.7 962.0
Source: Annual Abstract of Statistics . H.M.S.O. 1971
Table 2 Chemical Companies Research and Development Expenditure in 19r
Company jSm fo group sales
Du Pont 250 5.8
I.C.I. 150 3.6
Bayer 114 ■ 3.1
Eli Lilly 68 9.4
Solvay 27.5 2.7
Glaxo 12 2.8
Source:.. Chemical Age Survey, CA
00CM1 28 July, 1972
(i) m -million
There is also the case of an innovation forming the base for the 
formation of a new company and here the emphasise may be more on profit 
as the risks associated with starting up a new firm are higher than 
in an established firm. Apart from satisfying the financial criteria, 
the firm will innovate in response to an anticipated demand. However, 
is there any reason for a firm to undertake innovation just in/ 
response to demand. Why bother if business is already satisfactory. 
Under competitive conditions a business may find itself under pressure 
in the future, even if present conditions are favourable. Apart from 
the desire to expand or earn above average profits through innovation, 
competition will provide the incentive to innovate in order to stay 
in business. Improved products or reduced operating costs will enable 
the firm to face up to competitors.
2.2 Resources for Innovation
The resources necessary for innovation include commercial and 
technical knowledge, capital and skilled labour. However small the 
innovation, some fixed and working capital will be required and possibly 
staff of varying professional and operative skills. This can be a 
problem to the small firm or people wishing to launch a new company 
and although certain sectors of industry - chemicals and petroleum - 
are dominated by the innovative activity of the larger companies (2) 
there is evidence that smaller companies can innovate successfully (3). 
Size is not necessarily an advantage in innovation and although the 
large firm may have the financial standing to help in obtaining the 
required finance, the smaller firm has the advantage of a more flexible 
structure and a shorter communication chain within the company. This 
disadvantage has been recognised by some large firms who have attempted 
to overcome this by setting up sections or even separate venture 
companies to handle innovations. Another handicap of the large 
organisation is the burden of existing commitments - specialised 
staff and capital cannot be converted quickly, if at all, to serve 
other purposes.
Depending on the magnitude and type of innovation, the company 
will support technical and commercial development projects to bring 
the innovation to a successful commercial point. Optimism of achieving
this success and the anticipated expected profit will determine the 
overall expenditure on the innovation. The degree of optimism will 
depend on the ability and efforts of the staff and the facilities 
available to them. Regardless of company size, success will depend 
very much on the determination and aggressiveness of a few key 
employees'responsible for the development.
Marschak (4 ) mentions the uncertainties associated with the 
development of new products and the effort required to achieve them. 
"Development is a process of uncertainty reduction or learning. One 
learns by the application of some strategy for allocating and re­
allocating effort among different uncertain possibilities as development 
proceeds and knowledge accumulates".
This can be expressed in the form 
E.C.U. = CR]} + E.C.E.
where the expected cost of uncertainty (E.C.U.) is the sum of the 
research and development cost (CRR) of the project and the expected 
cost of error (E.C.E.). The expected cost of error is the loss of 
business (&R) to other companies successful in the research and 
development project multiplied by the probability of failure ..
Pig. 2 Research and Development Costs
In the case of completely new innovations, with a high element 
of uncertainty, requiring a large investment, it is unlikely that 
firms will undertake these projects single-handed. The area of 
uncertainty would have to be reduced by further v/ork or it could 
result in the formation of a joint project between several firms 
if the anticipated outcome was attractive. Alternatively, Governments
may subsidise firms if they consider the innovation of importance 
for national and/or international reasons (Concorde, nuclear reactors, 
desalination plants). •
Once an innovation has become established with a rapidly expanding 
market then additional investment for expansion and minor improvements 
will be easier to obtain. Innovations not requiring heavy initial 
outlay, but with higher operating costs that can be recovered through 
sales comparatively quickly, will be more favourable in some 
circumstances. However, a high rate of product obsolescence may 
require a firm to finance a very expensive research and development 
programme to ensure a continuing supply of new products, i.e. 
pharmaceuticals.
2.3 The Need to Innovate
With increasing international trade and the creation of free 
trading areas, there are very few monopolistic products - and even 
these are competing for a share of the buyers income. It is unlikely 
that manufacturers of any product are not concerned with some form of 
innovation; if not brought about by competition, by.a need to keep 
operating costs stable in the face of rising labour, raw material 
and service costs.
In the unlikely case of a firm not innovating, even in a very 
minor way, it will find itself under pressure from external sources.
The products and equipment used in its own processes are likely to 
become irreplaceable and the firm will be forced to innovate in order 
to incorporate the innovations from the producer firm.
Depending on the size and whether it is a product or process 
innovation, the following list of factors (Table 3) will play a 
varying part in the development.
Table 3 Factors Influencing the Innovator
Competition, profit motive, market structure 
Opportunity and optimism for innovation in the firm 
Existing-economic climate
Expertise available in labour and management 
Level of science and technology available 
Standing of company - financing problems 
Influence of prices on costs of existing products 
Government policies and control.
2 .4 Constraints on Innovation in the Firm
The amount of innovating a firm can undertake.is restricted by
several factors. These include - the firm not wishing to expand too
far, lack of staff of suitable skill, shortage of facilities,
environmental problems, national or local government restrictions,
shortage of necessary raw materials or components, large capital
requirements and the unwillingness to extend company ownership. The
additional energy required for innovation is considerable and the
problems that have to be overcome are innumerable.
Even if the firm is successful in recruiting the extra staff
required, this does not ensure immediate success. A team approach
is often needed in developing new processes and products and new
members of a team will take time to settle down. A firm can only
handle and develop new ideas at a rate which is a function of its
(i)size and technological capacity. 7 It would be expected that companies 
with a high rate of innovation would have a higher ratio of technical 
staff to other.staff and an above average research and development 
expenditure.
So far the role of the firm in the innovative process has been 
discussed. The generation of ideas within the firm and the affect 
of basic knowledge and invention on the innovative process will now 
be considered.
2.5 Basic Knowledge and Invention
The stock of inventions and the knowledge of existing products
(i) Technological capacity is a companies ability to assimilate and 
use technology in its business.
and processes are a base for further growth. Inventive activity, 
as measured by the number of patents filed, has increased rapidly 
throughout the world over the last 20 years (5) although the expected 
success from commercial development drops off quickly with time - as 
indicated by the number of patents renewed (6) - and only a very small 
percentage are used commercially#
Similarly the stock of scientific knowledge has grown rapidly 
over the same period (7) as measured by the number of scientific 
papers published. It Is impossible to distinguish in many cases 
between research carried out for purely scientific purposes and that 
directed towards invention and innovation. In many fields science and 
technology have become intertwined and it is often necessary for the 
industrial laboratory to work on fundamental problems. Therefore the 
company engineer or scientist working on these projects must be familiar 
with the progress of basic research in the relevant fields. A report 
in 1965 by the Rational Academy of Sciences (8) presents examples 
where basic research has given rise to new, or revolutionised old, 
industries: polymers, petroleum, glass, detergents. Also in the area 
of instrumental analysis, methods and techniques first applied in the 
basic studies of properties and structures, have been developed by 
industry for everyday quality control and on-line process analysis.
The basic research carried out either in Government or University 
laboratories is influenced to some extent by Government policies and 
contracts and is obviously limited by finance. (Table 4 ) Even so,
Table 4 Source of Finance. U.K. Research and Development
Source 1961/2 1964/5 1966/7 1967/8 1968/9
(£m) (£m) (£m) (£m) (£m)
Government 385.0 427.0 473.8 485.3 510.0
Private Industry 243.5 284.8 354.0 360.7 396.7
Rest 29.2 59.6 98.5 116.1 109.9
TOTAL 657.7 771.4 926.3 962.1 1,016.6
Source: Annual Abstract of Statistics. H.M.S.O. 1971
a considerable amount of work is done with application in mind.
(Tables 5 and 6). Over the last ten years the Government has encouraged
Table 5 U.K. Current Research and Development Expenditure by Research 
Activity
Basic
1967/8 (£‘000)
Applied ^
Research. Development TOTAL
Total Civil 27.8 36.2 38,7 102.6
Universities 31.0 30.5 61.5
Private industries 15.7 '96.5 395.2 507.4
Rest 3.9 25.6 18.2 47.4
TOTAL 78.4 188.8 452.1 719.2
Source: Statistics of Science and Technology, H.M.S.O. 1970
Table 6 U.K. Current Research and Development Expenditure by Private 
Industry
: 1967/8 (£’000)
Basic Development TOTALResearch *
Pharmac eut i c als 478 9,237 4,455 14,170
Plastics 686 4,076 4,301 9,063
Chemicals & coal products 2,996 14,086 19,914 36,996
Petroleum products 997 5,035 3,792 9,824
Electronics & components 3,258 14,029 83,315 100,602
Aerospace 1,212 5,538 139,875 146,624
Other industries 6,061 44,483 139,561 190.106
TOTAL 15,688 96,484 395,213 507,385
Source: Statistics of Science and Technology, H.M.S.O. 1970
Universities to undertake research projects of a more applied type.
This can also be recognised by the appearance of ‘application orientated1 
M.Sc. courses (9) and from some of the University thesis titles (10).
Many universities have close ties with industry in the form of 
consultancies, joint projects, industrial fellowships and visiting 
professorships.
However, the U.K. Government does not provide industry with 
large sums of money for research and development as in the U . S . ,  
where the aerospace and electronics industry have received considerable 
Government finance.
2.6 Industrial Research and Development and Innovation
From the data collected in the U.K. and U.S. it appears that the 
main effort of industrial research and development is directed at product 
innovations (Table 7). The importance of technological opportunity in
Table 7 Industrial Research and Development Expenditure Breakdown
$ Expenditure
U.K. 1959-60
Hew products 37
Major improvements 24
U.S. 1966
New products 45
Product improvements 41
Hew processes 14
Source: Ref. 13, p. 29-30
determining innovation has been investigated and these studies suggest
that production and market need have a greater influence (Table 8).
Table 8 , Stimuli for Technological Innovation
Investigator 1 2 3 4
Technological opportunity 27 33 34 23
Production and market need 73 67 66 77
Total number of innovations studied 204 600(?) 84 567
Investigators: 1. Carter & Williams 
4. Myers & Marquis 
Source: Ref. 13, p. 32
2. Goldhar 3* Langrish
For the product and process innovations that are successful 
many fail at the trial stage. Of these, some die completely, others 
with modifications are successful, while others are successfully- 
revived at some later date.
There are three strategies that a company can choose that will 
determine the research and development effort. In many cases a mix 
of all three are adopted. The company can be - innovator, developer, 
imitator. Each strategy calls for particular skill and experience and 
as these, and the resources required in each case are different, the 
firm can usually achieve an optimum state by varying the mix according . 
to its marketing and technical strengths.
Depending on the degree of novelty, the innovation may be protected 
by patents and this may be sufficient to prevent imitation in the short 
term. This enables the innovator to recover research and development 
expenditure and receive the rewards for the original development.
The firm will be able to build up considerable expertise, very often 
leading to further improvements and more patents. At the end of the 
period of patent protection the company may be in a very strong, 
position if continued product and market development has taken place.
2.7 Innovation and Market Response
Rapid technological progress in a particular area will encourage 
further invention. Once the innovation has been successfully 
introduced, stimulating growth and higher profits for producers, 
increased competition will follow, leading to more development and 
innovation in the particular area. This will continue at a decreasing 
rate, and with profits steadying or falling, new competitors will not 
be attracted to the market. A company that has built up a specialised 
market and acquired technical and production expertise will very 
likely explore peripheral areas for development, where their know-how 
and established marketing strengths vail be of use.
Another method available to the firm for developing a new market 
is to buy know-how through licensing agreements. To fully use the 
bought-in technology a firm will have to be technically competent 
otherwise theyvill not be able to evaluate the information or extend 
and improve the technology. A good example of importing technology
is Japan (Table 9)> though the Japanese Government realise the
Table 9 Payments for Patents, Licences and Technological Know-how
Country (0m)
Prance (1963) 119.4
Germany, W. (1964) 150.9
Italy (1963) 135.5
Japan . (1963) 130.2
U.K. (1964) 108.6
U.S. (1964) 87.8
Source: Gaps in Technology, Analytical Report, O.E.C.D. 1970
limitations of this one way trade and are now spending considerably 
more on research and development. A firm is also in a.much stronger 
position in negotiating licences if they can offer another licence 
in return - and cross-licensing agreements can often bring considerable 
benefits to both parties.
An essential feature of successful innovation, apart from 
scientific and technological capability, is the ability of the firm to 
identify and respond to market demands. However, unless a firm can 
identify a market- that will cover the cost of innovation and yield 
the required rate of return, it may not be prepared to proceed with 
the development. Alternatively, if it is possible to extend the 
market by licensing agreements it may proceed even with a small home 
market, or it may sell the invention and let another company proceed 
with the innovation.
2.8 Innovations and the Buyer
Buyers will be concerned with performance and costs relative 
to products already in use and of a similar type. But first they must 
be made aware of the innovation. Before finally adopting the innovation, 
Rogers (ll) recognised four stages which the buyer passed through — 
awareness, interest, evaluation, trial. However, once the. innovation 
has been accepted it can either be used for a long period or rejected 
after a short time. The effort of the firm in promoting the innovation
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and educating the potential user is very important.
The industrial or domestic buyer has a list of.basic needs with 
varying degrees of elasticity and susceptible to varying levels of 
substitution. The company or consumer will have a limited supply 
of-money-and will attempt to maximise their utility in accordance 
with his aims or goals. This list will be continually .changing 
depending on how open-minded and willing the buyer is to accept 
change. At the consumer level some of the factors affecting demand 
will be:- income, tastes, age, the environment and the rate of 
technological change.
The rate at which innovations diffuse vary considerably (Table 10)
Table 10 Takeover Times (At) and Substitution Midpoints.(t),
U.S. Markets
Substitution At years tQ year
Synthetic/Natural Rubber 58 1956
Synthetic/Natural Fibres 5$ 19^9
Water-based/Oil-based house paint 43 19&7
TiOg/FbO-ZnO Paint Pigments 26 1949
Plastics/Metal cars 16 1981
Detergent/Natural Soap 8.75 1951
t - year in which substitution is half complete 
At - the time to go from 10% to 90$ substitution
Source: A Simple Substitution Model of Technological Change,
J.C. Fisher and R. H. Poy in Technological Forecasting 
and Social Change, 75-88 (1971)
and from studies it does not appear that the rate of diffusion is 
getting shorter. Rogers (ll) lists five characteristics which affect 
the rate of diffusion; a) relative advantage; b) competibility;
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c) complexity; d) divisibility; e) communicability.^^
Buyers have to he convinced that the innovation, provides something 
that they need; it has to meet some criteria of acceptance. Also 
any additional cost will have to he more than recovered hy improvements 
in their own products or processes as a result of using the innovation. 
Financial requirements are not always the sole criteria even in 
industrial buying, the aspect of presenting an up-to-date image to 
competitors and the public in general can often overrule economic 
considerations.
In the case of minor product innovations efficient customer 
service and customer liaison, possibly at the development stage, is 
a necessary item for getting the innovation evaluated. Y/ith an 
entirely new innovation the company will not have an.established sales 
outlet and therefore customers have to be approached and then, 
pursuaded to evaluate and try the innovation. If the company is already 
dealing with customers that are also potential buyers for the new 
product then these firms or individuals will be approached first. 
Naturally this has the advantage that a relationship already exists 
between the seller and buyer. ,
2.9 Bhe Trial Stage in Innovation
The acceptance of a trial depends on the novelty of the new 
product and what demands it will make on the evaluating company in 
the way of interrupting the existing work programme. An innovation 
incorporating considerable changes to existing products may not be 
evaluated correctly, or at all, because of a lack of understanding of 
the technical and scientific knowledge incorporated in the innovation.
If additional staff and equipment are required for the evaluation and 
trial, the cost, time or interruption to existing business may be too 
great for the innovation to be considered by the firm. Another barrier
(i) Rogers defines these terms thus:
a) the amount an innovation is superior to that which it supercedes,
b) the degree which an innovation is consistent with existing values.
c) the degree which an innovation is relatively difficult to
understand and use.
d) the degree which an innovation may be tried on a limited scale.
e)the degree which the results of an innovation may diffuse to
others.
to diffusion is in the case of an intermediate manufacturer not 
undertaking a trial because of feeling that his customer will not 
be able to appreciate the full potential of the innovation.
Once a successful trial has been completed, the innovator has to 
concentrate on developing the market and stimulating growth. The 
initial users will now be another source of information, as well as 
the companies own activities - advertising, personal contacts, etc. 
Depending on the product a personnal recommendation may carry 
considerably more weight than a casual awareness obtained through 
advertising. This aspect can be particularly important in technical 
products, where discussion and recommendation between individuals on 
a similar professional level can result in the adoption of a new- product.
In consumer goods social contact is a good media for the 
diffusion of innovation. This method of adoption of new ideas has 
been called the interaction effect - the process through which 
individuals in a social system influence those who have not yet adopted. 
Morris (12) has developed a theory for grov/th demand for new products 
based on socio-economic explanations. He considers growth starting 
from the ’pioneer1 consumer and spreading as a chain reaction to the 
sheep-"if the pioneer gives other contacts a good account of the 
product, they may stimulate them into purchasing it, and these sheep 
in turn stimulate others."
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LOW DEESITY POLYETHYLENE - THE SYSTEM UNDER STUDY
This section discusses the innovations and resulting technological 
changes in the system selected for study - ldPE. The rapid growth 
in sales of ldFS products can be attributed partly to technological 
achievements in a wide field. The more important areas are considered 
in the following.four chapters.
A general review is presented in Chapter 3 of the main technical 
and commercial developments in the growth of IdPU, The importance of 
the considerable advances in petrochemical manufacturing in the 
expansion of the polymer is dealt with in Chapter 4«
The polymerisation of ethylene is covered in Chapter 5? and 
Chapter 6 is concerned with the effects of the developments in polymer 
processing and printing on the growth of existing and new applications.
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Chapter 3 The Growth of Low Density Polyethylene in the U.K. - 
A Review
The chapter provides a review of the commercial development of 
ldPB in the U.K. The introductory section deals with the growth of 
world plastics and in particular the development of the polyolefins. 
The second section deals with packaging, the major application for 
ldPB, and the disposal problems that could constrain future expansion 
in this area* The final section gives a historical review of IdPS 
starting from the commercial introduction of the material in 1939*
3.1 Introduction
3.1.1 General Developments in 'world Plastics
Within the growing sphere of industrial activity following' the 
Second World War, the growth of chemicals and plastics in particular 
has been outstanding. (Figure l). The astonishing growth pattern
Fig. 1 Average Yearly Percentage Growth Rate, Manufacturing, 
Chemicals and Plastics (1958-68)
3o
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Source: The Economist, Petrochemicals Survey, October 3> 1970.
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of plastics in six major countries is shown in Table 1.
Table 1 World Plastics Production (’000 tonnes)
1950 1955 I960 1965 1970
World 1,500 3,300 6,900 14,500 30,000
France 33 102 347 691 1,515
Italy 15 125 297 891 1,720
Japan 40 200 850 1,623 5,120
U.K. 160 291 588 973 1,470
U.S. 984 1,468 2,671 5,254 8,480
V/. Germany 98 425 964 1,980 ■ 4,330
Source: Chemical Engineering, Nov. 1971
A development of this magnitude required, more than capital, 
increased productivity and better management. It called for 
imagination, technological and marketing competence, but above all 
it needed the recognition of new materials and a desire for change 
by suppliers and buyers.
Certainly a technological gap existed after the war and no 
doubt the shortage of natural materials left the door open for 
synthetics. However, the new materials did not stop at replacement 
but went on to stimulate uses that society was ready to accept with., 
the new ways of working and living that were emerging at that time.
It is particularly significant that Japan and West Germany have . 
achieved very high per capita consumption for plastics, 81.5 and 130.0 lb. 
respectively in 1970 compared to U.S. 100.7 lb.^^ Following the war 
these countries may have been more forward looking and willing to 
accept change. With their technical competence, thoroughness and 
overseas finance they accepted a challenge that could restore the 
countries confidence and political strength and bring recovery if 
successful.
3.1.2 U.K. Growth in Plastics
In spite of the U.K's comparatively slower growth in plastics
(i) See Appendix 1, Table Al.l
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considerable expansion has taken place. Since the early 1930*s 
production has increased at a steady rate and like the rest of the 
world since the war, this has heen due to the expansion of thermo­
plastics/1^
3*1.3 Polyolefins
The largest and fastest growing group of thermoplastics is the 
polyolefins, consisting of low and high density polyethylene and 
polypropylene. In 1965, when they overtook PVC, world production 
of polyolefins was 3.3m t / y / 11  ^ 23.3% of total plastics.
3.1.4 ldPE
The first polyolefin produced on a commercial scale was ldPE 
in the U.K. in 1939* Plants were erected during the war in the U.S., 
and a small plant was constructed in Germany in an attempt to imitate 
the British product. After the war plants were erected under licence 
in Italy, Prance, Germany, Canada and the U.S. and consumption 
throughout the world has increased rapidly/111^
ldPE’s properties of toughness, moisture resistance, chemical 
inertness and high electrical resistance has enabled the material to 
be used in a wide range of applications. The development of the U.K. 
end use pattern is shown in Figure 2 and Table 2 and the predominant 
use of film and sheet is typical of other industrial countries/1^
The U.K. figures for ldPE consumption, production and selling price 
are shown in Table 3. A detailed U.K. end use breakdown of ldPE is 
given in Appendix 1, Table A1.5*
ldPE film has been used in increasing quantities for packaging 
a wide variety of articles, i.e. food, clothing, housewares, toys, 
furniture. The 1969 U.K. packaging end use pattern for film and. 
sheet is given in Figure 3* The growth of injection moulding has
(i) See Appendix 1, Figure Al.l
(ii) See Appendix 1, Table A1.2
(iii) See Appendix 1, Figure A1.2
(iv) See Appendix 1, Table A1.3
Fig. .2 U.K. ldPE End. Use Breakdown
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Table 3 U.K. ldPE Production, Consumption and Price
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Pig. 3 U.K. ldPE Film and Sheet Use in Packaging (1969)
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Source; Chemistry in Britain, June 1970
levelled off since the introduction of hdPE and PP, though a steady. 
Business is provided "by toys and housewares. Blow moulded Bottles 
are used in consideraBle numBers for packaging cosmetics and 
pharmaceuticals and for large containers such as tanks and carBoys 
where toughness is required. Xilany miles of submarine and telephone 
cables have Been insulated with ldPE and this is an important 
application. Coating of ldPE on a number of substrates has provided 
successful packaging for several industries. Although the glass 
milk Bottle is still in use in the U.K., ldPE coated paper Board 
cartons are used in milk distributions in the U.S. and Sweden.
The growth, of ldPE through the 1960’s has Been associated with 
over capacity, tumbling prices and reduced profits. Manufacturers, 
quickly realising the potential of developing markets, rushed to 
increase plant capacities for fear of losing their share of the growing 
Business. .’.With this occurring throughout Europe the home market was 
faced with competition from low priced imports. Also U.K. exports
found increasing international competition.
It is" only in the last four years that ldPE-prices have 
stabilised after considerable price erosion in the early 196u!s,
There are now signs of a general upward trend in world prices and 
already increases have been made in West Germany and the U.K. In 
June 1972 £10/ton was added to the U.K. price of ldPE.
3.1.5 hdPE and PP
High density polyethylene was produced first in Germany by BASF 
in 1955 and by the Phillips process in the U.S. in 1957. Another 
process by Standard Oil (Indiana) was started in Japan in i960. The 
material produced by the American processes is called linear 
polyethylene and the product from the German process Ziegler poly­
ethylene. However, the two types are so similar that in most cases 
they are considered under one name - high density polyethylene.
Production of polypropylene began in Italy, U.S. and West Germany 
in 1957. Polypropylene1s-initial growth was slower than hdPE but 
in the last, few years this has increased considerably. The'growth 
of hdPE in. the nine years, 1956-1965? reached a level that required 
13 years (1945-1958) for the low density material. However, this 
difference is not surprising as hdPE entered markets that had been 
already developed by ldPE.
ldPE was well established in a wide range of markets by the time 
hdPE and PP were being produced in large plants. With many similar 
properties, there are several applications where all three polyolefins 
can be used and markets have been lost to hdPE and PP because of . 
some additional quality given by the newer material. An example is 
the considerable progress of hdPE blown moulded containers, a field 
strongly held by ldPE. In this case the additional qualities were 
a lighter, more rigid container that was particularly suitable for 
packaging detergents as it did not crack, like ldPE, in the presence 
of the surfactant. hdPE is now being used in large quantities for 
containers of all shapes and sizes - small quart oil packs and 1 litre 
milk bottles to ten gallon beer barrels and crates.
PP has also made a substantial entry into film packaging, an 
area that was developed by ldPE. As a film PP has a clarity and-
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sparkle that found immediate appeal in the packaging of the more 
expensive luxury goods. Other major applications of PP are for 
ropes, outdoor furniture and carpet hacking and in injection moulding 
for seats, luggage, motor car accessories, washing machine components 
and television and radio cabinets.
PP production overtook hdPE in 1967 and has continued to grow 
at a faster r a t e . I n  1969 the polyolefins accounted for 77.4/^^' 
of all plastics used in U.K. packaging.
The supply and demand position for hdPE and PP in the U.K. has 
been in reasonable balance and consequently a tighter control on 
prices has been maintained.
3.1.6 Petrochemicals
There is no doubt that the development of the petrochemical 
industry has contributed to the growth of plastics by providing large 
quantities of low priced raw materials. Regardless of the indescriminate 
price cutting brought about by over capacity, both in monomers and 
polymers, the underlying factor possible for these price reductions 
was that manufacturing costs were falling anyway.
Increasing scale of ethylene production from petroleum feedstocks, 
together with technical improvements to the process, were reducing 
ethylene costs. These aspects are discussed in detail in Chapter 4 
when the developments in ethylene manufacturing are considered in 
relation to the growth of ldPE. Apart from the effect of lower 
monomer costs, considerable technological innovation in the 
polymerisation,-fabrication'and finishing stages have helped to reduce 
product prices and extend applications. The technological changes 
that have occurred in these areas will be covered in Chapter 5 
(polymerisation) and Chapter 6 (processing).
(i) See Appendix 1, Tables A1.4a and A1.4'b
(ii) See Appendix 1, Table Al.6
(iii) See Appendix 1, Table a ± . 7
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3*2 Packaging
3.2.1 Plastics in Packaging
It is a fact that packaging is closely linked with the level of 
the economy and the standard of living of a country and it has been 
suggested that in the U.K. expenditure on packaging approximates to 
between 5-6$ of the total value of retail products.
Comparative data from other countries confirm this basic 
relationship between packaging and standard of living. Factors that 
have affected the growth of packaging and that will continue to play 
an important part are the number of married women at work, changes 
in leisure activities, including television, changing distribution 
of foodstuffs. The increasing number of working wives has helped 
the growth of convenience foods, particularly frozen f o o d s , w i t h  
the need for a suitable packing.
Perhaps the greatest change of all is in the food-shopping habits, 
with the introduction of supermarkets. This type of shop has 
introduced the need for well designed packages, which must be 
functional as well as eye-catching. Plastics are particularly 
suited to this type of outlet as they can be moulded into different 
shapes, extruded into film, supplied in a wide range of colours and 
will take print. What is also important, apart from their low cost, 
is that they can be handled easily by mechanical methods in large 
quantities.
Packaging applications are the largest single outlet for 
plastics, about 25$ of total U.K. plastics consumption and equivalent 
to 14 lb. per capita per year. In 1969 the annual growth rate of 
plastics in packaging was 17$? compared to 5$ for the packaging
(i) Estimated expenditure on frozen foods in the U.K. increased 
from £74m in 1965 to £129m in I969. Packaging Review, 
October 1970.
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industry. (Table 4) These figures show how plastics are making
Table 4 Sales of Plastics in U.K. Packaging
m 0 Value of Tonnes of n. plastics
plastlC (£m)
Value of all 
packaging materials 
used (£m)
Plastics ^ of 
total value
1966 158,000 50 710 7
1967 195,000 61 730 8.5
1968. 241,000 76 760 10
1969 300,000 90 800 11
1970 356,000 120 910 13.2
Source: Packaging Review, October 1970
inroads into those applications held by traditional packaging materials
such as paper and board, tin plate and glass,, (Table 5) With the
Table 5 Estimated Sales of U.K. Packaging Materials by Value (£m)
1967 1968 1969 1970
Tinplate containers 137.0 145.0 161.0 I8O.O
Paperboard boxes and cartons 100.0 112.0 122.0 133.0
Fibreboard packing cases 97.0 114.0 127.0 142.0
Plastic materials 61.0 76.0 90.0 120.0
Glass containers 61.4 '67.7 74.6 ; 83.3 -
Aerosols 13.3 16* 6 19.0 24.0
Paper bags and carrier bags 25.0 26.0 27.0 29.0
Paper sacks n# ci« n. a. 39.0 . 42.0
Steel drums new n# ci • n.a. 30.0 33.0
Steel drums reconditioned n,a. n. a. 3.5 . 3.7
Cellulose film 31.6 35.0 37.0 36.0
Aluminium foil n. a. n.a. n. a. 30.0
Collapsible tubes n.a. n.a. n. a. 7.0
Jute bags ' n.a. n. a. n. a. 20.0
Wooden containers n.a. n.a. n.a. 23.0
Source: PIRA
Sobrce: Financial Times, July 275 1971
steady upward movement in the price of paper and some metals, there 
are indications that this shift will continue. However, although 
plastics have been replacing other materials, there are uses where 
plastics can provide a coating or liner that enables the older 
materials to remain competitive. >
3.2.2 Competitive Materials
Much of the newer developments in packaging plastics are designed 
to compete with other plastics rather than with paper, glass and 
metals. An example of inter-plastics competition is the replacement 
of ldPE with.PP through loss of price advantage. For ordinary 
wrapping ana hags PP cannot he produced cheaply enough to replace 
ldPE.
PP.can he produced as a clear brilliant film by using the 
casting method of winding the blown film onto a cooled roller. The 
film can also be strengthened by stretching during the blowing 
p r o c e s s e s . T h e s e  operations, as well as the need to treat the 
film with polyvinylidene dichloride (PVdc) for heat sealable grades, 
makes the film dearer than ldPE. Therefore PP film is suitable for 
the more expensive area of the film market, where cellulose (cellophane) 
sets the standard. Orientated polypropylene was developed to replace 
cellulose film and in 1970 8,500 tons were sold, although it is more 
difficult to print on than cellophane. The main outlets for OPP 
film is in packaging potato crisps, snack foods, biscuits and 
cigarettes. There are developments in co-extruded PP-ldPE film; 
the ldPE imparting heat sealing characteristics to the material and 
eliminating ths need to coat with PVdc.
U.K. consumption of cellophane film in 1970 amounted to 50,000 tons 
and was second to ldPE as the most commonly used transparent packaging 
film. Although over the last few years the growth of cellophane has 
been steady compared to the spectacular expansion of ldPE, the 
material has undergone considerable development with the introduction 
of new grades. Cellophane films are now available v/ith a wide range 
of properties, and the material is used to wrap a diverse range of 
products such as fresh meat, cigars, pre-cooked meats and biscuits.
(i) This process gives orientated polypropylene (OPP).
3.2.3 Growth Areas for ldPE
The process of shrink wrapping has extended the applies :-i■■ns 
for ldPE film and in 1969 7»000-8,000 tons v/ere used in this way.
The film is stretched during manufacture and when reheated shrinks 
hack to its original dimensions. The use of this property was made 
possible by.the development of hot air tunnels. The main use of 
shrink wrapping is as a transit wrap for jars or cartons, thus 
replacing fibreboard outer cases. It can be used also to wrap a 
complete loaded pallet. This form of packaging has several cost 
advantages through saving of space and easier disposal of wrapping.
It is expected that this use fbr ldPE film will treble by 1974*
Heavy duty plastic sacks were being used ten years ago and since 
then the number has risen rapidly as manufacturers have used them 
for packaging an increasing range of materials. The advantage of 
ldPE over jute or multiwall paper is that the sack is lighter (up to 
l/4 - l/3 lighter) and the polymer is insect proof, does not rot and1 
does not impart odour or taste.
A particular area for further expansion of ldPE is in carrier 
bags. Throughout Europe the growth of ldPE shopping bags has followed 
the expansion of supermarket shopping. Table 6 shows the penetration
Table 6 Humber of Shopping Bags in W. European Markets (1969)
Country Popn.(m)
Plastic carrier 
bags (m)
Paper carrier 
bags (m) /b Penetration
Belgium 10.0 50 50 50
Denmark 4.8 50 50 50
Prance 51.0 30 120 25
Y/est Germany 59.5 360 1,200 14.5
Italy 51.8 40 100 28
U.K. 55.0 25 400 6
Source: Chemistry in Britain, June 1970
of ldPE into the carrier bag market for the W. European countries.
In 1969 over 1,000m ldPE bags were sold or given away in Europe, but 
with the penetration of ldPE carrier bags in the U.K. and W. Germany
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at only 6$ and. 15$ respectively in 1969 there is considerable 
opportunity for expansion.
3.2.4. Plastic Milk Bottles
The use of plastic containers for the replacement of milk bottles 
has barely begun. Over 9°$ of the four, million gallons of milk sold 
per day in the U.K. are in glass bottles, mostly of the one pint size. 
Assuming a 100$ capture of this market by 1 pt, 12 oz. plastic bottles^ 
143,000 tons of polymer a year would be required. The penetration of 
the milk distribution market by plastics varies from country to 
country. The milk sold over the counter in the U.S. is packed' in 
quart and gallon ldPE lined cartons. So far the expensive disposable 
ldPE bottles have not made much impact on the 26,000m glass bottles.'
In Sweden about 90$ of the milk is sold in ldPE cartons.
Disposable plastic containers come in three forms - milk sachets 
made of pre-printed ldPE, milk cartons made from pre-printed ldPE 
coated paper, all plastic bottles in ldPE/hdPE or hdPE.
In-plant operations, where the bottle is moulded and filled at 
the dairy, is expanding rapidly in the U.K. and Europe. One of the 
last plants to go into operation is at Clifford Dairies,Henley-on-Thames. 
The bottles, 1 pt. 12 oz. are blow moulded at 3,000/hour using 
B.P. ’Rigidex1 hdPE and I.C.I. ’Alkathene’ ldPE. At present 
6,000-10,000 of the dairy’s 35,000 gallons of milk goes into plastic 
bottles.
Considering the costs relating to plastic and glass bottling, 
about 30-40$ of the glass bottling operation is tied to direct 
labour, whereas the labour cost in using plastic bottles is 10',. .
The trend towards plastic bottling will be affected by the labour 
saving factor as well as the relative price of glass and polymer raw 
materials. Other factors are saving on bottle washing and sterilisation, 
wastage, easier handling- and loading and economies of distribution.
With glass bottles, 60$ of the load a roundsman.carries is due 
to the weight of the glass. Howeger, the cost savings from the use 
of plastics at the distribution stage have not been evaluated.
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3.2.5 Plastic Waste
Although at present there are no disposal problems, the increasing- 
use of packaging plastics could lead to disposal problems in the 
future.
In the U.K. an average household produces 29.2 lb. of refuse 
a week of which 10,21 lb. is paper, 2.6 lb. metal, 2.71 lb. glass and 
only 0.3 lb. plastics. By 1980 the figures are expected to increase 
to 14.1 lb., for paper, 2.8 lb. for metal, 2.9 lb. for glass and.
1.15 lb. for plastics. (Polymer Age, April 1972)
. In Japan where plastics consumption is high, the percentage of 
plastics in collected refuse is already 7$.
However, when the amount of plastics in total waste materials is 
considered the percentage is not high. In the U.S.A. <>of the annual 
110 million tons of industrial solid waste, plastics contribute 0.5r«
3.2.6 Disposal of Plastic Waste
Various methods are being used for the disposal of plastic waste 
and others are under consideration. These include incineration, 
dumping, recycling and the production of degradable polymers.
a) Incineration. The easiest method of disposal of plastic material 
is by burning. Mainly harmless gases are involved although PVC 
produces HC1. Large quantities of polystyrene and ldPE can flame and 
burn readily.
PE burning in refuse creates energy and a higher percentage of 
the material in refuse in the future should produce a better balanced 
mixture for incineration,
PE has a higher calorific value than coal and in Paris the four 
municipal incinerating plants supply electricity and steam. The 
efficiency of the incineration depends on the age of the unit. Older 
units may clog and give rise to pollution whereas other modern units 
function easily and provide heat.
There is the problem of dust and soot in the neighbourhood of 
the incineration plant and Hew York is tending to build smaller 
incinerators which are thought to give better combustion.
b) Recycle and reclamation. The separation of domestic waste 
into different materials can present problems and
O
n
3W-.D. Ruchke.lhans does not believe that there is a practical 
method for separating plastics. In some countries householders are 
asked to separate their waste into different containers.
•Y/ith industrial waste, separation is not a problem and the 
plastic scrap can be collected from processor and fabricator for 
reprocessing.
Dirty scrap ldPE is often reclaimed by mixing it with pigment 
and used for making goods where high grade material is not necessary, 
such as sacks and dustbins.
7/ith ldP-E film, the material is shredded, mixed with virgin 
pellets and extruded into good film. ldPE trimmings from bottles are 
ground, mixed with virgin pellets and injection moulded into good 
bottles.
Polyethylene and polystyrene waste is being examined as a partial 
replacement for sand in concrete mixes^and scrap plastics may also be 
used in asphalt and wallboard.
Another interesting development is the blending of waste ldPE 
film with waste paper to give a black moulding powder which is 
extruded to form gutters and pipes or injection moulded to make 
cheap bins or cans.
c) Dumping. The dumping of plastic material is being carried out 
successfully in many cases. The material can be easily compressed 
and used for infilling on waste land prior to building. However, as 
land becomes scarcer this means of disposal will not be so readily 
available. . .
d) Degradable plastics. Research is being carried out on.methods 
of degrading plastics under controlled light. Table 7 lists some 
current activity in this area. The action of light on plastic 
materials is becoming more clearly understood and either resistance 
or susceptibility to attack can now be built in to the polymer.
(i) Director of an American Environmental Protection Agency.
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33.3 The Commercial Development of ldPE
3.3.1 1939-1955
Full scale production of ldPE began at I.C.I’s Viilton site in 
1939 with a 500 tons/y plant. During the following war years, the 
material was used as an insulation in high frequency radar csbiles.
At the end of this period, with the termination of Government contracts 
other uses had to he found for the output from the production facilitie 
which had grown to a capacity of 1,000 tons/y.
At first growth was slow hut rapidly expanded with other end uses 
based on newly discovered non-electrical properties. By 1950 peace­
time uses: were far removed from the original insulation mouldings 
and cable coverings. Apart from the continued use in the- cable 
industry, considerable quantities were used in injection moulding of 
toys and- household novelties. Moulded bottles were used as containers 
for corrosive chemicals and for powders by .the cosmetic industry. 
Already big potential outlets were bottle moulding and film extrusion. 
The inert properties of the material to corrosive substances made it 
useful in the protection of chemical plant. In this application ldPE 
as a powder is sprayed onto the steel or metal equipment.
During the post-war years when there was a tendency for prices 
to rise, the cost of plastics remained reasonably stable and in the 
case of ldPE fell. This was achieved in spite of rising costs of. 
labour and raw material by increased efficiency, improved processes 
and in particular through developments in the petrochemical industry.
Until 1951 ebhylene for polymer production was obtained from 
ethanol derived from imported molasses. Production was seriously 
restricted by the shortage of ethanol, although the output of ldPE 
had risen to 2,000 tons/y, well above the 1945 level and almost equal 
to U.S. production. The first U.S. plant had been started by Du Pont
in 1945.
Late in 1951 polymer capacity was increased to 5,000 tons/y with 
the addition of a further unit at V/ilton. A major contribution in 
the expansion was the change to ethylene produced by oil cracking. 
Developments in petrochemicals came at. a time when the plastics 
industry was suffering from high costs and shortage of raw material.
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In June 1951 Sir Ben Lockspier in his address to the British 
Plastics Federation commented on the serious raw material problem 
the industry was facing.
"In fact the production of synthetic materials has risen so 
rapidly over the last few years that it is now in sight of outrunning 
its supply of feedstock.
Fortunately new process developed by the oil industry in the 
long run will provide the plastics industry with the more abundant 
supply of raw materials at a relatively low cost......But large new
capital resources are required."
New applications were developing quickly at this time and ldPE 
film and bags were being used in packaging. Rolls Royce and Bentley' 
cars were being packed for export wrapped in 0.002" thick film. Uses 
for plastic bags ranged from packaging small quantities of engineering 
components to food. ldPE had appeared in the chemical laboratory in 
the shape of beakers and funnels. New possibilities had opened up 
in packaging with the development of an ingenious method of filling 
and R.F. welding, a technique first used with PVC, but applied successfully 
to ldPE sheeting.
Shortages and high costs of traditional materials helped the 
growth of the polymer and it was found that in many cases the synthetic 
product not only replaced but superseded the original material on 
some special characteristic - superior properties or simpler 
fabricating-. In the electrical industry the problem of replacement 
of lead as a protective sheathing in communication cables had become 
serious. Aluminium, PVC, and ldPE had been tried. ldPE was 
particularly successful for submarine and other cables, where resistance 
to corrosion was an important factor. Development work by the Telegraph 
Construction & Maintenance Co. Ltd. produced ldPE telephone cables 
.and the first were laid underground in Denmark in 1951* The same year 
saw the 'introduction of a new packaging method for milk in plastic 
coated heat sealing paper.
By 1952 ldPE had developed into a versatile and much demanded 
material despite the trade recessions of 1949/1950 and raw material
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shortages. The production facilities were coping with the increased 
demand hut the polymer manufacturer faced high capita.! exper."iiure 
and slow deliveries for new plant. This expenditure 7ms greatly in 
excess of that required to set up processing facilities to use the 
plastic itself.
Fabricators since 1939 had realised that the.exceptional moulding 
properties of the material rendered it suitable for processing in less • 
expensive injection moulding equipment than required for moulding other 
types of thermoplastics. The most spectacular progress in plastics 
engineering since 1939 was developments that had taken place in 
injection moulding machinery and this played an important part in '•
raising t-ne quality and performance of plastics goods.
Moulded ldPE bottles were used in increasing quantities and both ‘
tubular and flat film were used for bulk packaging and drum liners.
Tube had been used in an extract system handling hydrogen fluoride.
An example of plastics replacing expensive imported material was the 
acceptance by water engineers and local authorities cf ldPE for cold 
water service lines. A British Standard for cold water piping and 
chemical plant was drafted. This was: an important boost for pipe 
extruders.
The main restriction to growth was the shortage of raw material, 
although during 1952/53 there was a marked expansion of film in 
packaging and bags. The U.K. was well behind the U.S. in this application, 
which had reached yjfi of ldPE consumption. However, at this time the 
U.K. led Europe in the field of packaging technology through experience 
gained in the war and also through U.S. contacts. Particular uses 
for film were for heat sealed chicken bags and for lining fibre board 
drums.
New fabrication techniques helped in the promotion of new uses.
For example, ldPE was previously applied to the paper by a dough 
spreading technique but coatings less than 0.0025" thick could not be 
obtained in this way. The new method of laminating reduced the film 
thickness to 0.0005".
As well as for domestic v/ater supply, ldPE pipe was used in a 
number of industries, such as food, chemicals and in smaller bore 
tubing for ball point pens and surgery.
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The use of ldPE domestic-ware was increasing, with injection 
moulded kitchen howls, buckets, babies baths and dustbins* This 
trend was significant and indicated a rapid interest in the use of 
domestic equipment. The range of equipment available for the production 
of blow moulded ldPE bottles, a process developed in Britain several 
years earlier, was extended. The process is based on blowing glassware 
and leads itself to mass production.
With the move into consumer goods, increased domestic spending 
was reflected in larger sales in ldPE products. This had not been 
the case in the early 1950‘s» By 1954 good quality ldPE products 
were coming onto the market and the public were beginning to gain 
confidence in plastic products.
1954 brought increased sales in household products, domestic 
mouldings accounting for 20$ of ldPE consumption. In the U.S. this 
end use accounted for 40$ of consumption. However, the biggest 
expansion was in packaging, film taking 20$ (U.S. 30$) Sales for 
cable insulation continued to increase and the future was insured 
with the opening of a plant for the manufacture of transatlantic 
telephone cables. There was also further expansion of pipe for cold 
water services and in blow moulded ldPE containers.
Although compression moulding was well. established in 1939 &n(i 
injection moulding was getting in its stride, thermoplastic extrusion 
machines were completely unknown at that time. Since the war the 
extrusion process had been carefully studied and numerous machines 
had been specifically designed for plastics.
The Wilton plant was undergoing expansion at this time to treble 
the size in stages so that increased home demand could be met, particularly 
in the injection moulding field. Even -with the increasing consumption 
of ldPE., the U.K. was already lagging behind the U.S., particularly 
in the consumption of film. The main reason for this was the 
availability in the U.S. of cheap ethylene. Until an oil cracking 
plant was built in the U.K. in 1951 ethylene supplies were scarce 
and costly, and this was just at a time when there was a need to 
develop and support new end uses. ■ Large petrochemical plants were 
expensive and the large outputs required well developed markets to
assure that the plant was not idle. The fabricating plant was 
cheaper and quicker to construct and therefore could absorb increased 
output of polymer readily. Apart from the effect of raw material, 
the scale of manufacture of both ethylene and ldPE was increasing 
rapidly so that economies of scale could be obtained®
Reviewing the ten years from 1945? few of the developments that 
had taken place had radically changed the outlook of the plastics 
industry, but the many innovations, both in material and processing 
techniques, had led to a rapid expansion of the market and a 
multitude of new applications for ldPE.
The standard technique of injection moulding, compression moulding, 
extrusion and calandering had been augmented by new methods, such as 
vacuum forming, R.P. welding and centrifugal casting. However, 
improvements in established techniques were as notable as the new 
developments. Since the war considerable advances in calandering, 
extrusion and automatic moulding had taken place.
The steady price of plastics in general increased the opportunities 
for substitution of conventional materials. In contrast 1954 saw 
price increases in steel, iron, copper and paper.
By 1955■ldPE had a firm hold on packaging, the most rapidly 
expanding area being in film and film coated materials. British Visqueen 
were producing tubes up to 100" diameter and sheets up to 200" and 
had introduced an anti-static grade.
The phenomenal increase in the development of new uses for ldPE 
was partly generated by the need of the packaging industry for a tough, 
easily sealable, transparent film available at an economic price.
With the developments in plastic film, paper coating and cable 
making, ancillary equipment was designed for controlling the high 
speed processing.
With the growth that was taking place in the industry a real 
concern v/as the supply of ethylene, which depended on oil imports and 
the cracking process. At that time the only ldPE plant in the U.K. 
was at I.C.I., Wilton. However, with the I.C.I. patents expiring in 
February 19563plans were announced by Union Carbide to start a 
12.,000 tons/y plant at Grangemouth in 1957* Also an agreement between
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Bakelite and Union Carbide was made to market ldPE in the U.K. with 
U.S. imports prior to U.K. production.
3.3.2 1956-1964
In October 1955 'the Government introduced measures to reduce 
hire purchase and consumer spending and encourage exports. As a 
result, in 1956 ldPE exports rose rapidly (8,000 to 18,900 tons) 
and the rate of growth decreased in home sales. This slow down in 
home consumption was not surprising as house-wares were accounting for 
20/ of ldPE sales, with over forty types of products. However, ' 
production capacity for moulded buckets and bowls exceeded demand 
and this'stimulated competition in this market.
Pood packaging was a promising area for expansion and 
British Cellophane had started to make pre-coated cellulose film.
Other uses for film were in the insulation of greenhouses and for 
protecting strawberry plants. The introduction of irradiated film 
provided a material that was easier to heat seal.
In bottle production, some were seam injection moulded, while 
seamless products were available from extrusion or injection moulding, 
combined with a blow moulding process.
Early in 1958 Union Carbide’s 12,000 tons/y ldPE Grangemouth 
plant came on stream, bringing the total U.K. capacity to 72,000 tons/y.
Exports continued to increase at a high level, with imports 
remaining steady, contrary to the general trend in increasing imports 
of plastic material, particularly from Japan. Competition from 
overseas manufacturers was being felt both at home and in export 
markets.
Film was finding use in additional miscellaneous applications, 
such as sheeting for covering cloche^ mulching vegetables, lining 
concrete mouldings and swimming pools. For electrical insulation, 
ldPE tape .was being increasingly used and consumption.in cables had 
reached 75000 tons.
At the end of 1958 all hire purchase controls were removed and 
in the following April the budget stimulated further industrial and
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domestic spending. This was reflected in the increased consumption 
of ldPB household mouldings. Of the 20,000 tons of film consumed, 
packaging accounted for 80$, building 3$? agriculture•3>.
Exports in 1959 did not increase at the rate of the previous 
three years, but the slow down was not attributed to the first year 
of the E.E.C. U.K. manufacturers had directed as much production as 
possible to home demand, which was very high, and this 7/as also the 
reason for a substantial rise in imports.
Monsanto became the third U.K. manufacturer of ldPE, starting a.-
10,000 tons/y plant at Pawley early in 1959? using ethylene from the 
adjacent Esso refinery.
I.C.I’s expansions during the year included an increase in 
polymer production to 90?000 tons/y and the addition of an olefins 
unit with a 110,000 tons/y output.
Production of ldPE bottles had reached 20-30m a year but this 
was still small compared to 4?000m glass bottles. Por plastic bottles 
to compete a production rate of 60 bottles/minute was necessary, 
although machines at that time were being developed that could be 
modified to reach this level if required.
Further increases in production capacity in the U.K. and throughout 
the world kept business competitive and prices continued to fall.
U.K. consumption in i960 did not increase at the same rate as in 
1959? but the emphasis continued on injection moulding and film.
In packaging a wide range of ldPE coated material v/as already 
available. The objective of coating was to correct deficiencies 
of one material by complimentary properties of the other. The 
deficiencies that the laminators and extrusion coaters aimed to 
rectify were high gas permeability, poor resistance to fats and oils 
and transparency in the case of light sensitive products. In the . 
coating process the ldPE is applied to the second film either as a 
film using adhesives or as an extrudate from a slit die without 
adhesive.
E.F.T.A. v/as formed in July i960 and although exports and 
imports of plastic materials had been at reasonable levels for some 
time, there was considerable concern by U.K. manufacturers about
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the low U.K. tariff on plastics. At 10$ this was much lower than 
other countries, in particular the E.E.C. with a 20$ external tariff.
IdPS prices continued to fall during 1961 and this enabled the 
polymer to penetrate markets supplied by other raw materials (metals, 
.wood). However, by 1961 hdPE had reached a production of .9,100 tons 
and blow moulded bottles were competing with the low density product.
Also polypropylene had reached a production of 3,000 tons and considerable 
interest.was being shown in this product.
The financial squeeze of 1961 and a bank rate of 7$ checked 
industrial activity and consumer spending. Consumption of ldPE rose 
by only 4*5$ "but increased exports raised production by 11$.
Sales increased considerably in 1962 following the improvement 
in the economy. Film continued to increase, accounting for 34$ of 
sales and overtaking injection moulding for the first time. This 
v/as an indication of the growth of ldPE in packaging end uses. Methods 
of distribution had changed over the late 1950’s and early 1960's 
with manufacturers'developing entirely new packaging to meet this. 
Self-service shops were on the increase and consumer sales were 
becoming more and more dependent on the design of the package.
Additional applications for film were in the lining of workshops as 
heat insulation, packaging of fertilisers and heavy gauge sacks.
In spite of increasing world competition, ldPE exports continued 
to rise in 1962. Plant capacity that had been rising fairly steadily 
made an extra jump with the introduction of Shell's 15,000 tons/y 
plant at Carrington.
By this time considerable investment had been made in petro­
chemical facilities to provide raw materials for expanding polymer 
production, but in spite of reduced processing costs, manufacturers 
were not obtaining profits to match these large investments. _
In 1963 a better balance existed between supply and demand, as 
there were only small increases in plant capacity in the year. Film 
continued to increase its lead over injection moulding, and more 
heavy gauge ldPE sacks .were used for packaging fertilisers. Although
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ldPE film had been used commercially since 1945? it was only after 
1950 that it started to develop into an important outlet.
The continuing price reductions on ldPE undoubtedly assisted 
market development by extending the use to areas previously excluded 
on grounds of high price.
Improvements in processing also helped to establish new 
applications. Injection moulding cycles of 3-4 sec. were possible 
in 1963? and in extrusion faster running speeds and more efficient 
cooling enabled greater outputs to be obtained from smaller machines 
hence aiding price reductions.
The small increase in plant capacity in 1963 caused a considerable . 
shortage of ldPE in 1964 before expansions by I.C.I, andB.X.L. 
reduced the pressure. Exports continued to expand, reaching a peak 
of 85,000 tons, a figure that has not been reached since. Film and 
sheet accounted for 46$ of total sales and the use of heavy gauge 
sacks continued to increase. For example, compared to the 1963 figure 
of 40 million sacks, an estimate for 1964 was 85-IOO million.
The price of sacks fell in 1963 following an investigation into 
the strength characteristics of ldPE. This led to the use of 
lighter gauges, and in some instances 700 gauge (0.007") sacks were 
replacing those made of 1,000 gauge (0.01M) material. Other work on 
the sack making process, such as methods of sealing and filling, led 
to a rapid growth in the use of ldPE sacks and in 1963 25 million were 
used for fertilisers alone.
Even in the U.S. where there had been a considerable advance in 
the use of plastics in packaging, 50/£ v/as still held by paper in this 
end use. Plastics could not compete on a straight cost basis.
However, in an attempt to improve the properties of paper, manufacturers 
had discovered the potential of plastic coating.
Over the period 1954-1964 injection mouldings had displaced 
tinplate and galvanised and enamelled sheet in a wide variety of 
applications, the greatest advance being in household goods and toys.
Most gains had been made by 1958, when the sales of steel and tinplate 
household articles were at their lowest point. An estimate in 1964 
showed that 75$ °f injection mouldings were for uses where tinplate 
or steel had previously been used.
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3.3.3 1965-1972
Because of the continuing shortage in plant capacity, production 
in 1965 was only marginally higher than 1964. U.K. imports and 
exports fell because of a general world shortage.
Film and sheet remained the pacemaking end use, with shrink 
wrapping showing considerable potential. The number of heavy duty 1 
sacks continued to increase.
Injection mouldings share of the market continued to fall slowly, 
through increasing competition from hdPE. For some types of large 
container injection moulding was being replaced by the Engel process.
This method provides for an unlimited complexity of design and size 
from relatively inexpensive’equipment; the mouldings being formed by 
sintering powdered ldPE on inexpensive metal moulds.
The use of ldPE for the insulation of cable and wire continued 
to remain steady, with the need for further submarine cables in 
Commonwealth countries and in the replacement of lead as a sheathing 
material in G.P.O. paper insulated telephone cables.- . ...
ldPE powder did not expand at the rate imagined for car backing 
and rotational moulding.
Sales in 1966 showed considerable improvement over the jjrevious 
two years, with a 20$ increase over 1965> bringing the amount to
166,000 tons. Although there was a total increase of 60,000 tons 
in plant capacity in 1966, most of this was not available until late 
in the year because of delays in the delivery of 'equipment. Therefore 
the polymer shortage that had existed for two years v/as not eased 
as quickly as planned and as a result exports suffered.
Film and sheet continued to increase their dominant share of 
the market, but at a slightly slower pace because of the effect of 
reduced fertiliser sales on the sack sector. Film accounted for most 
of the growth and activity v/as concentrated on automatic packaging, 
shrink wrapping and dry cleaning outlets.
Injection moulding had continued competition from the other 
polyolefins, particularly in household goods. Sales for extrusion 
coating remained steady, though at this time manufacturers were v/ell 
av/are that this could leap forv/ard if milk distribution followed the 
U.S. pattern of using coated board.
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1967 was a hard year for the U.K. economy-terminating with 
devaluation in November. The closing of the Suez Canal in June 
brought a shortage of.petroleum feedstocks and increased prices.
Supplies of crude oil and naphtha were affected and no relief was 
possible from Nigerian fields due to the civil war. Purchases 'were 
made from the U.S. and Venezuela but there was a considerable shortage .
of lighter crude oil fractions favourable to naphtha. Consequently, 
naphtha prices increased from /23-/28/ton.
Because of the monomer shortage, Id?ID production only expanded 
by to 234,000 tons although major plant expansions by Shell and 
Monsanto brought total year end capacity to 320,000 tons. Imports 
continued to rise, showing the increasing competition from overseas, 
particularly from Japan, Rumania and U.S.
By the end of 1967 the supply and demand position in Europe had 
moved towards excess capacity and in spite of the temporary monomer 
shortage ldPE prices were under pressure.
The continued expansion of the film and sheet markets had-brought 
these sectors share to 50$ of U.K. sales. Improved sales in fertilisers 
increased the sale for sacks, and packaging of solid fuel and chemicals 
had extended this use.
Injection moulding maintained a moderate growth, mainly from 
toys, while the mainstay of blow moulding continued to be in the 
detergent bottle.
Demand for submarine cables provided some expansion for ldPE 
but the cutback in the G.P.0. work programme reduced the overall 
increase.
The U.K. plastics industry was suffering increasingly from low 
priced imports and in 1968 the figure jumped to 43*000 tons from
18,000 tons ldPE in 1967. Japan and Italy in particular were exporting 
increasing amounts of low priced material.
Uov/ever, U.K. ldPE production capacity was not being used 
completely. With B.X.L, commissioning another 20,000 tons/y plant, 
total capacity at the end of 1968 was 340,000 tons. A temporary 
ethylene shortage brought about by construction delays on new 
facilities was the reason given for the reduced level of ldPE production.
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The unattractiveness of the W. European ldPE market v/as shown 
by Gulf Oils decision in 1968 to drop its plans for a 100,000 Icnc/y 
plant at -Rotterdam. The price stability v/as uncertain and depended 
on the availability of ethylene and the price of hdPE. With the selling 
price and profit margins of ldPE so low, the petrochemical manufacturer : 
was not encouraged to divert ethylene to this poorly priced end use.
In the U.K. film and sheet continued to be the major growth 
area because of the large expansion in packaging. In other end uses 
powder for mouldings was growing slowly, the increase going.to 
rotational mouldings. However, this technique was still under­
developed in 1968, although a new U.K. machine was capable, of moulding 
products 101 high and 7' in diameter«
No plant expansions took place during 1969 and capacity remained 
at 340,000 tons. Production increased by 12$ compared to 1.3$’ 
the previous year, bringing utilised capacity to 78$. However, exports 
did very badly and imports dropped back slightly after the massive 
increase in 1968. This reflected the large surplus of ldPE throughout 
Europe and also the low U.K. tariff. Home consumption continued to 
expand , a 17$ increase, through sales for film and blow moulding 
applications.
The consumption in 1970 did not expand as quickly as in the 
previous year but exports rose considerably to 70,000 tons after the 
poor performance in 1969* Imports dropped slightly to 30,000 tons 
but.the following year increased by 77n 53*000 tons. Although 
some of this imported material may have been of poorer quality, the 
cheaper price was attractive to the processor under pressure from 
rising production costs.
Rotational moulding techniques were improving and'it was possible 
to mould composite materials such as.ldPE and nylon. In this process 
a tank can be moulded with an outer ldPE skin and inner nylon lining.
The poor economic conditions continued into 1971 and although 
plastics 'generally had a very bad year, home consumption of ldPE 
increased by 11$. This was due to the continuing growth of film and 
sheet for packaging applications. ’With nominal plant expansions by 
I.C.I. and B.X.L. during the year, utilised capacity remained at 
78/3 based on year end figures.
With the. upturn in the economy in 1972 and increased consumer 
spending, IdPE will continue to expand based on packaging end uses. 
U.K. imports should be reduced by the increased tariff on idl'd, now 
similar to the E.E.C. external rate of l6g. Early in 1971 the U.K. 
polymer manufacturers asked the Government to raise the tariff from 
IG/c to protect them from the increasing flood of low priced imports. ■ 
In December 1971 the Department of Trade and Industry increased the 
tariffs on IdPE and polystyrene but rejected the applications for 
increases on another six polymers.
The future of the plastics industry has been covered in the . 
N.S.D.O. report compiled by the Plastics Working Party. One of 
several recommendations made in the report was that U.K. manufacturer 
should make greater use of exchanges of information on investment 
planning.
The rapid growth of IdPE since 1939 has been maintained by a 
continuing stream of major and minor innovations in many industries. 
Developments in petrochemicals has provided the cheap raw material, 
improved polymerisation reactors have led to cheaper and better 
grades of polymer and new techniques in processing have given 
cheaper products. These technological changes will be discussed in 
more detail in later chapters.
The following sources were consulted for this review chapter.-
Historical Review
British Plastics (Europlastics since 1972)
Chemical Age (Chemical Age International since 1972)
■Chemistry and Industry
European Chemical Hews and Special Surveys
Modern Packaging Encyclopaedia
Modern Plastics International
Packaging Review
Petroleum Times
Petroleum Review
•Plastics (incorporated in British Plastics 1969)
Plastics Abstracts 
Plastics and Polymers 
. Plastics and Rubber Reek 
Plastics World 
Polymer Age 
Polymeries
Rubber, Plastics and Textiles 
Packaging
■ Financial Times Survey, Packaging, 27 Inly, 1971*
Plastics in Packaging, Packaging Review, October 1970,
Plastics in Packaging, Chemistry in Britain,'June 1970*'•
The Milk Industry Looks at Plastics, Packaging Review, Oct, 1970 
Eoner, E.C.A., Plastics Materials for Packaging Milk and Milk
Products, Journal of the Society of Dairy Technology, Vol. 22,•. 
IT o, 1, 1969.
Briston, J.H., Plastics in Packaging, Manufacturing Chemist and 
Aerosol Hews, March 1971*
■ Modern Packaging Encyclopaedia, 1971•' Section 4* Plastics,
Films, Foils, Laminations, Cellophane,
Siebcls, P., The Case for Plastic Milk Bottles, Europlastics,
June 1972.
Growth of Plastics in Packaging, Packaging Review, October 19&9«
Disposal of Plastics
Welford, J.E., Disposability and Reclamation of Plastics,
Polymer Age, April.1972.
Sacharo'iv, S., Plastics in Solid Waste Disposal, Polymer Age,
. March 1972*
Wood, R., Production and Disposal of Plastic Milk Bottles,'
Polymer Age, April 1972.
Shelton, J.A., World Plastics — Financial Times Survey, 
Responsibility and Pollution, 11 May, 1972.
Cheater, G., Disposal of Plastics Waste, The Chemical.Engineer,
Feb. 1973.
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Appendix 1
Tables a,nd Figures for Chapter 3
Table Al.l Per Capita Consumption of Plastics and IdPE (lbs.)
1955 I960 1965 1970
World T.P.
IdPE
2.6 
- 0.1
5.1
0.6
9.5
1.5
' 17.9 
3.0
France T.P.
IdPE
7.3 16.3
1.7
31.0
5.0
61.0
Italy T.P.
IdPE
4.0 11.0
1.4
25.9
3.8
60.0
Japan T.P.
IdPE
2.6 12.8
2.1
31.2
5.9
81.5'
13.0
U.K. T.P.
IdPE
9.5 20.2
2.8
. 33.2 
6.6
51.5
10.7
U.S. T.P.
IdPE
23.6 34.6
4.0
60.0
10.0
100.7
22.4
V/. Germany T.P.
IdPE
13.0 33.0
2.0
58.7
5.9
130.0
Source: Polymeries
Table A1.2 World Polyolefins Production (000 tonnes)
1950 1955 i960 1965 1970
World IdPE 30 225 800 2,300 5,000
hdPE - 170 700 1,700
PP - - 20 300 1,300
Total 30 225 990 3,300 8,000
Source: British Plastics, February 1971
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Table A1.6 U.K. Polyolefins Uses in Packaging (1969)
IdPE hdPB FP
Film and laminates 86,7 1.1 10,6
Blown containers 35*5 56.4 _
Vacuum formed and injection moulded
containers 11.5 4*4- 3 *9
Caps and closures 18.5 12.7 6.1
Others 18.8 6.2 37.5
Total 57.1 12.1 ' 8.2
Source: Chemistry in Britain, June 1970
Table A1.7 U.K. Plastics in Packaging (1969)
/-
IdPE 57.1
PS 16.2
hdPS 12.1
PP 8.2
PVC . . 3.5
Other 2.9
100.0 .
Source: Chemistry in Britain, June 1970
Fig.. Al.l U.K. Plastics Production
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Chapter 4 Ethylene
4.1 Rapid Growth in Petrochemicals '
It is significant that the rapid growth of IdPE in the U.K.' 
started at the time when petrochemical ethylene became available in 
1951. In 1970 more than 40/^'^ of the U.K. ethylene production was 
used in the IdPE polymerisation process.
The technological progress in petrochemical production has led 
to large volumes^"^ of cheap hydrocarbons^'*'^ for the production of 
bulk plastics and has been a major factor in the growth of materials 
such as 1-dPB. In Western Europe the production of petroleum based 
chemicals grew from a negligible level in 1950 to 21m tons/y in 
1971 (l)« This source now accounts for 85-90'/ of all organic chemicals 
made in the area.
The rapid growth rate (Table l) has led at times to over supply
Table 1 Average Annual Percentage Growth Rate of Petroleum'Based 
Organic Chemicals
1959/69 1970/80^
Vforld 15 11
U.S. 10.5 8
West Europe 25 13
( a) Forecast
Source: Chemical Age, 8 October, 1971
in some products, and ethylene in particular has been frequently in 
this situation both in the U.S. and Europe. As a result producers
(i) See Appendix 2, Table A2.1
(ii) See Appendix 2, Figure A2.1
(iii) See Appendix 2, Table A2.2
have attempted to stimulate demand by excessive price reductions 
(Figure l). However, although producers have said that this action
Figure 1 Ethylene Transfer Prices, U.K.
Source: Shell International Chemical Co. Ltd.
has given lower profits, the downward trend in ethylene prices has 
been possible because of the reduction in unit capital and unit 
manufacturing costs.
4.2 Capital Costs
Ethylene'manufacture consists of two stages: i) thermal cracking,
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ii) recovery and purification (Figure 2). About one third of the 
Figure 2 Ethylene Process
■pyRot
in
'-.TeAw v r \
P*aT^ t?•!<-• »oh
cafv\pp.e-iS>a-{»>
E <"HANfc“
capital cost is for the cracking section of the plant. Considerable 
changes have been made in the design of the cracking furnaces 
leading to improved ethylene yields and lower unit capital costs.
In the period'1955-1964 capital costs were reduced from £108 t.o £35/t°n (2)* 
However, there can be variation in the cost of similar sized plants 
because of different design specifications.
Factors affecting design are feedstock composition, product 
and by-product specifications and the desired quantity of by-products.
The size of the plant will have a considerable affect on unit 
capital cost and this is shown in Table 2 and Figure.3.
(i) See Appendix 2, Technological Developments in Ethylene 
Manufacture.
Table 2 Ethylene Plant Capital Cost vs. Capacity
Capacity Investment
i (’000 tonne/year) //tonne/year
200 124
300 109
■ 400 .99 . ■ /  ;
500 92
700 85
1,000 79
Source: Gibson, J.P., World Chemicals Survey, Financial Times,
5 April, 1971
Figure 3 Ethylene Plant. Capital Cost vs. Capacity
to
9
7
3 ootoo
C £ cro-o -i- / y ^
Source: Duckworth, R.A., Chemical and Process Engineering,
February .1968.
4.3 Manufacturing Costs
The manufacturing costs for various size plants, "based on a
naphtha feedstock and West European location, are given in Table 3,
The unit cost figures show clearly the advantage of operating on a
large scale. An important factor in the cost: is the effect of by- /. \
product credits' . Therefore the composition of products from the 
cracker and the demand for the co-products will determine the final 
net manufacturing cost.
The reduction of unit manufacturing costs during the 1950*s and 
1960’s was due mainly to the lower capital costs,although higher 
product yields have had some effect.
The considerable cost saving from operating a large naphtha 
cracker led manufacturers to instal larger units as technological 
developments made this possible. Chemical engineering contractors 
have played a large part in the improvement and development of; 
processes and equipment in co-operation with petrochemical manufacturers. 
These contractors are often involved in the subsequent diffusion of 
the resulting innovations (3) by becoming agents or sub-licensers 
of the process. '!
4*4 Feedstocks !
The Western European petrochemical industry is mainly based on 
naphtha fractions 30/40-l80/200°C(4) except for a few plants operating 
on refinery gas streams, although there is a tendency towards the 
use of a higher boiling range, such as gas oil.
In the U.S. ethane and propane recovered from natural and 
refinery gases are used as a feedstock for the production of ethylene 
and propylene. However, in future nearly all ethylene plants will 
be based on heavy liquid feedstocks (5).
Ethane provides a higher output of ethylene but usually occurs 
in low concentrations (20-50^) and further separation increases 
feedstock cost. Alternatively propane can be recovered in 95-99$ 
concentration but this feedstock gives a lower ethylene output and 
increased propylene yield. With the increased demand for propylene 
this lower ethylenespropylene ratio is more acceptable than it would
(i) See Appendix 2, Figure A2.2
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have been ten years ago.
Refinery operations in the1 U.S. are set to produce a high
(i)percentage of gasoline compared to h. Europe' , where the demand 
is for middle distillates and fuel oil. This production pattern 
results in a large surplus of light distillates and has led to its . 
use as a petrochemical feedstock in W. Europe. As naphtha has^a
(ii)
variable composition' the output from the cracker will vary.
(iii)
Therefore cracking conditions' are adjusted to take account of
feedstock composition and ethylene and by-product requirements. The
design and operating conditions of naphtha crackers are today based 
on both ethylene and propylene demands and not solely on ethylfene 
requirements. With higher severity cracking conditions the 
ethylene:propylene output from W. European plants has increased for 
several years but with the greater demand for propylene this ratio^V  ^
has started to fall.
The dependence on imported feedstocks renders the U.K. industry 
vulnerable to world politics. The Nigerian war and Middle East tensions 
in 1967-68 led to a $5/t (6) increase in the price of naphtha to U.K. ■ 
users, raisingthe price to $28/t. More important is the long term 
price and supply pattern of imported U.K. oil. Prom the recent 
behaviour of the major oil producing countries and the powerful 
Organisation of Petroleum Exporting Countries (OPEC) the cost of 
crude oil^V  ^will rise fairly substqntially over the next five years.
For example, in the first half of 1971 crude oil prices rose by 
20-30$ (7). Therefore it is not surprising that the U.K. naphtha 
price rose by 20$ ($4“5/t) in the first nine months of 1971.
With the cost of naphtha feedstock representing 80$ of ethylene 
manufacturing direct costs before deduction of by-product credits, any 
changes in the cost of oil will have considerable effect on a wide 
range of petrochemicals and their end products,
(i) See Appendix 2, Table A2.3
(ii) See Appendix 2, Table A2,4
(iii) See Appendix 2, Table A2.5
(iv) See Appendix 2, Table A2.6
(v) See Appendix 2, Table A2.7
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As a result of the Tehran Agreement on crude oil prices signed 
on 14 February, 1972 it is expected that naphtha prices w i l l  r i s e  a 
further Based on present economics of production this c o u ld
lead to a ^10/t increase in the price of ethylene (8).
U.K. companies were the first in the field of naphtha cracking 
which developed rapidly in the 1950’s*^^ British Celanese (now.. 
Courtaulds) in 1943 were the first to use a naphtha feedstock in the 
production of ethylene and propylene. In 1949 Petrochemicals Ltd., 
were processing tons/y to produce 20,000 tons ethylene, propylene
and butylene (9)
4.5 Problems of the Large Plant
The installation and operation of a large ethylene plant does 
not always lead to favourable results.
Firstly the effect of reduced operating levels (Figure 4) on a
Figure 4 Ethylene Manufacturing Costs vs. Operating; Rate !
Jo©
°!o ^ 1.S O  crtro t/ y
Source: Chemical Week, 22 October, 19^5
large unit will seriously effect profitability. However, even allowing 
for a three year, build up to 100'/ capacity (with 60/ year 1, 80/ year 2)
(i) See Appendix 2, Table A2.8
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it has been calculated that a 360,000 tfj ammonia plant will earn a 
16$ D.C.F. rate of return compared to 4$ from 3 x 120,000 t/(y plants. 
If a lOOp operating level is not maintained9then the D.C.F. rate of 
return will fall rapidly. This has been the situation in W, Europe 
where profits have been affected by reduced operating levels and 
abnormally low selling prices.
Probably an even greater hazard to the manufacturer’s return on 
investment is the delay on start-up. The effect of varying completion 
dates on the D.C.F. rate of return has been obtained^'^ for a
360,000 t/y ammonia plant, A similar study has been carried out for 
a 490,000 t/y ethylene plant and although the best rate of return 
(20.80) is lower than the ammonia plant, a 12 month delay with a slow 
market build up to 90$ capacity in year three would reduce the:return 
to 5/. Table 4 shows the reasons given by Kellogg and I.C.I. for poor
Table 4 Reasons for Poor Start-up
Poor plant Faulty Faulty Human error
design contracting equipment in operation
Kellogg 10$ 20$ 40fo 10?.
I.C.I. 10$ 16$ 60?°
Source: Economist, 3 October, 1970
start-ups in 1967.
The effects of downtime on a big plant will be much greater than 
on a smaller one. Therefore reliability and safety are of vital 
importance to profits. To date the equipment on the large plants 
has shown statistically acceptable levels of reliability (10) and 
most sites do not carry spares of large components or compressors.
Also these plants are often run continuously without shut-down for 
up to two years. This requires considerable attention at the design 
stage to ensure that operating faults are reduced to a minimum.
Costs have risen because of the need for skilled instrument mechanics 
and skilled labour for preventative maintenance.
(i) See Appendix 2, Table A2.9
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Unless profits can "be increased, the financing of future expansions 
will he difficult. It is realised that, a better balance between 
supply and demand is necessary for stronger pricing policies. However, 
recent forecasts^^ by Stanford Research Institute for Vi, Europe 
show an excess capacity for ethylene from 1972-77* The 1972 capacity 
is adequate until 1975 based on the probable attainment of past trade 
patterns. If maximum demand forecasts are considered then 1972 
capacity would be adequate only until 1973. Considering the supply 
and demand for propylene the 1972 capacity is sufficient for the 
demand requirements in both probable and maximum forecasts until 1974 
with moderate severity cracking.
The problems of excess ethylene supply should be relieved by 
developments in two areas. Firstly, the European ethylene grid^^ 
has spread across Europe linking the petrochemical .complexes in the 
Rhine-Ruhr with the D.S.M. plants in Limburg and the major complexes 
in Antwerp and Rotterdam, (ll) This 700 miles of 10" pipeline is 
approaching the length of the U.S. Gulf Coast grid. However, the 
European pipelines have received official approval whereas in the U.S. 
the Justice Department closely watch the developments for any violation 
of anti-trust laws. American companies have extended the concept of 
pipelines as far as they can without the Government taking any action.
With the size of ethylene plants in the range of 300,000-500,000 tons/y 
individual users cannot take the total output from one supplier and 
therefore it is necessary for several plants to be linked. Road links 
by tanker is expensive and has 'not the same operating flexibility.
What is more important is that by linking ethylene suppliers, 
temporary surpluses and shortages between plants can be balanced.
The loss of supply through breakdowns or maintenance at one plant 
can be spread across several suppliers with a grid system. A smaller 
system is operating in Britain linking Shell at Carrington and I.C.I1s 
Lancashire plants to their Teesside complex.
Even with a grid system in operation this does not remove the 
problem of excess capacity. Manufacturers on separate occasions have
(i) See Appendix 2, Table A2.10
(ii) See Appendix 2, Figure A2*3
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called for more joint planning of major expansions and as a result 
agreements between several large chemical companies have resulted 
for fertilisersj ammonia and ethylene. How this will work in 
practice has yet to he seen hut with the future demand for ethylene 
in Europe anticipated at l8-20m tons hy the 1980's (12) it would 
seem unlikely that a monopoly situation will develop. Apart from 
Government intervention the increasing investment requirements would 
he toe great for two or three companies to handle, and the technical 
and commercial risks involved would demand a higher price than a 
growing hulk product could demand,
4,6 Future Prices and Manufacturing Costs .
On future ethylene prices it is worth considering the following 
statement by Peter Beck of Shell,. "Calculations with theoretical models 
have shown that the profit margin needed to get the necessary return 
on capital for a product growing well above lOy/y could he as much as 
20% higher than for a product growing at rates below 10y and this is 
indeed the cost of growth. It means that the higher the growth rate 
of any product the more cautious one should he to reduce its price 
hut here of course is the paradox because if prices are not reduced
the very high rates are unlikely to happen." (IS)
The price reductions on petrochemical products in the 1960*s 
cannot continue through the 1970's. The increasing cost of the factors
of production cannot he completely offset hy the effects of technological
progress and economies of scale. Prices must rise with manufacturing 
costs if producers are to continue investment in expansion plans.
During the 1960’s capital costs of new chemical plants increased 
on average at 3-4k p.a. hut increases of nearly lOg in 1970 and 15y in 
1971 have led to changes in existing and future investment programmes. 
Reasons given for the increase are rising material costs - nickel and 
steel - and higher wages.
The effect of cost escalation on ethylene manufacturing costs is 
shown in Figure 5*
(i) An idea for co-operation within the E.E.C. concerns the
establishment of an institute which collects and disseminates 
information on the chemical industry, (l)
Figure 5 Future Ethylene Manufacturing Costs
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4«7 Further Technological Development
Technological improvements are still possible, although the pace 
has slowed over the last five years. Depending on the future rate 
of technological progress manufacturing costs will not rise in 
proportion to the increasing costs of feedstocks, labour, utilities 
and capital.
The size and reliability of naphtha crackers can still be 
increased and furnaces of 60,000 tons/y should be available in a few 
years. This will provide easier and smoother operation. Compressor 
size is still capable of scale up and it has been stated that designs 
of up to ^00,000 tons/y are now available. Improved heat transfer 
at various stages in the process should save.on utility costs and 
enable a lower b.h.p./lb. ethylene to be achieved on the compression 
stages.
As the capacity of the plant grows, difficulties can arise over 
fabrication and transport of individual process units. Once a certain 
size is reached it becomes necessary to assemble the equipment on 
site and this will reduce the effect of any economies of scale. In 
the case of distillation columns the maximum for shop fabrication,
4 94
14-15' diameter, has been reached. (10)
One economy to be gained from larger plants is in computer control. 
The estimated cost for the 450j000 tons/y I.C.I. ethylene computer 
unit was £>2m, 5/ of total capital cost (10) and it is anticipated 
that a plant double the size could use the same computer system.
.Experience of operating the larger units has been growing over 
the last ten years, although the learning process is still.at an early 
stage considering the number of ethylene plants of capacity over
300,000 tons/y is small. From the technical and operational 
aspects there would seem to be considerable advantages in the large 
plants. However, there are other important considerations, such as 
safety, reliability and the growth of the market. Insurance on these 
plants will be almost unobtainable and any downtime or reduced 
operating level will seriously affect profitability. V/ith such a 
high capital/operator ratio, good labour relations are an essential 
factor. However, the oil companies, with capital intensive sites, 
have shown that labour problems can be settled with-reasonable 
productivity agreements but it is probably necessary.to keep site 
labour to about 2,000.: (14) For capital intensive sites v/ith a four 
shift system this labour force should not reduce the effectiveness 
of economies of scale. The present labour force at the 15m tons/y 
Esso Fawley refinery and petrochemical complex is 2,300. Also the 
reason for B.P.’s expansion at Baglan Bay rather than at Grangemouth 
was that the Scottish site had already a labour force of 2,000 (14)*
(i) See Appendix 2, Figure A2.4
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Appendix 2
Tables and Figures for Chapter 4
Table A2.1 Outlets for Ethylene, W. Europe and U.S., 1970 (percentage hy.weight)
W. Europe ' U.S. .
ldPE 42 29.5
hdPB 11.5 12
EO 14.5 21.5
Styrene 7.5 9.5
VC 14 12
Acetaldehyde 4 3
Ethanol 3 9.5
Alfol alcohols 1.0 -
Misc. 2.5 ■■ 3
100.0 100.0
Source: M.G.A. Chadwick and C. Wickham--Jones, The West European
Olefins Market at A.I.Ch.E. Meeting, Dallas, 23 February, 1972
Table A2.2 Petrochemicals Price Reductions, U.S.
{jo fall in 1965 U.S. prices compared with highest annual 
price in 1950)
$ fall
acrylontrile -58
o-xylene -56
styrene -56
vinyl chloride -53
p-xylene -49
phenol ■ . . -48
cyclohexane -28
methanol -26
Source: The liconomist, Petrochemicals Survey, 3 October 1970
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Table A2.4 Specification and Composition of Typical Naphthas
Middle East 
naphtha
Russi nn 
naphtha
Specific gravity 0.686 0,726
Initial b.p, (°C) 26 32
10$ dist. temp. (°C) 46 63
50$ dist. temp, (°C) 84 116
90$ dist. temp, (°C) 131 160
End point (°C) 171 185
Composition, vol. $
paraffins 78 58
naphthenes 19 30
aromatics 3 12
Source: Chemical and Process Engineering, February 1968
Table A2,5 Ethylene Yield, Crude Oil Freiction and Cracking Conditions
Crude oil fractions
Ethylene Yield fo
Low High 
severity severity 
cracking cracking
Light naphtha 220°F end point CO 32$
Full range naphtha 100-375GF boiling range 17# 29h .
Kerosene 400-650°F boiling range I6/0 2 3 a'
Gas oil 550-700°F boiling range 16$ 21/i
Source: Chemical Week, 13 November, 1965, p.8l
Table A2.6 Ethylene/Propylene Production Ratios in A. Europe
For units coming on stream ins Ethylene/Propylene• o u t p u t  ratio
pre-1960 1.37
1960-61 1.30
1962-63 1.59
1964-65 1.75
1966-67 1.72
1968-69 ■ 2.17
1970-71 1.72
1972-73 1.79
1974-75 1.59
Source: Chadwick & Y/hi ckham-J one s, A. I. Ch.] 
23 February, 1972
3. Meeting, Dallas,
Table A207 Crude Oil Imports and Price, U.K.
Year Imports Price
(m. tons) £/ton.
1966 70.1 6.07
1967 73.2 6.66
1968 81.2 7.68
1969 92.8 7.19
1970 101.5 7.01
Source: Department of Trade and Industry
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Table A2.8 Ethylene Production, Company Capacities, U.K.
Plant Capacity ( '0 0 0 tons)
PR0DnI.C.I. B.P. Shell Esso CourtId B.O.C. TOTAL
1950 P.A. ■ 35 21 56+ 40
1 36 35 21 92 45
2 36 35 21 92 50
3 36 30 35 21 122 60
4 36 30 35 21 122 80
E
J 36 3° 35 21 122 , 95
6 36 30 35 21 122 105
7 72 ' 4-5 35 21 173 150
8 72 60 35 21 188 175
9 72 60 35 40 21 228 210
i960 102 125 60 125 21 433 P.A.
1 - 140 130 SO 125 21 506 11, A*
2 140 130 90 125 21 506 11. A.
3 140 160 116 125 21 562 ’ 449
4 140 190 116 125 21 592 512
5 140 190 116 125 21 592 537
6 204 190 116 ' 125 21 656 579
7 304 190 176 125 21 15 816 .• 646
/ 8 304 330 216 125 21 15 1,011 701
9 600 330 216 125 21 15 1,307 887
1970 600 330 216 125 21 15 1,307 997
Source: Shell Int. Chem. Co., Annual Abstract of Statistics
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Table A2.9 Effect of Delayed Start-up on D.C.F. Rate of Return' 
(360,000 t/a ammonia plant built over 2 years)
Annual, 
output 
$ capacity
D.C.F.
Completed 
on time
Rate of-Return
6 month 12 month 
delay dalay
Year 1 onwards 100 26 23 21
Year 1 60
2 80 16 14 13
3 onwards 100
Year 1 30
0 80 12 10 9
3 90
4 onwards 100
Year 1 30
2 70 7 6 5
3 onwards 90
Source: Petrochemicals Survey, The Economist, 3 October, 1970
I
Table A2.10 Future Forecasts for Ethylene and Propylene in V/. 
Past Trade Pattern Unchanged (’000 tonnes)
Europe
Year
Probable Forecast 
Production Excess
Maximum Forecast 
Production Excess
Ethylene 1972 8,300 4,760 10,300 2,760
1973 9,400 5,030 11,600 2,830
1974 10,700 5,140 13,200 2,640
1975 12,000 5,120 14,900 2,220
Propyl ene^^ . 1972 4,400 -400 5,500 -400
1973 4,740 -140 5,940 60
1974 5,140 160 6,440 160
1975 5,650 400 7,050 250
(l) Moderate severity cracking
Source: Chemical Age International, 3 November, 1972, P*14
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Fig. A2.1 ethylene Production, v7. Europe & U.S.
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Fig. A2.2 Ethylene Manufacturing Costs, Effect of By-Product Credits
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A2.1 Technological Developments in Ethylene Manufacturing
The basic chemistry of steam cracking has been known lor ;.i.--re 
than 30 years (l). Hydrocarbons are cracked in a series of thermal 
reactions inside furnace tubes. Steam is added in weight ratio of 
0.5-1.Oh of the hydrocarbon mixture but takes little part in the 
reaction. Its purpose is to shift the chemical reaction towards 
olefins production by reducing partial pressures and removing coke 
by steam-carbon side reactions. Also, acting as a diluent, it reduces 
the heat requirements per unit volume of furnace tube and also 
stabilises temperatures by transferring heat from the tube walls to 
the hydrocarbons for the endothermic cracking reaction.
The cracking severity is determined by the residence time of the 
feedstock in the furnace and the temperature. The terms high and low 
severity are relative to the yield of ethylene obtained. A 25^ 
yield is referred to as a low severity condition. Cracking severities 
up to 34.5‘P ^2^4 are ° ^ aina^le» This has been possible by the 
developments in materials of construction at^the reaction stage, 
improvements in design of the radiant box and its components in the 
furnace and better heat transfer arising from improved burner design (2).
Plant design has had to take into account the use of a wider 
range of feedstock, such as gas oils. The higher cracking yields and 
boiling range of the feedstocks have resulted in outlet temperatures 
from the furnace coils of 850°C, 100° higher than in the older plants.
The heat consumed by cracking hydrocarbons is fairly constant - about 
5,100 Btu/lb. when cracking ethane at 60)1 severity, and therefore a 
shorter residence time requires a greater heat input in the feedstock. 
Older ethylene plants kept the reacting hydrocarbons inside the tube 
for more than 0.7-1.5 sec. Residence times have been reduced to 
0 .4 sec., and one contractor has mentioned a time of 0.25 sec. (3)
The rate of heat flow and heat flux through the furnace tube has 
increased by two to three times the maximum considered for steam 
cracking, with a heat flux of well over 25?000 Btu/ft hr.
These.higher fluxes have pushed tube metal temperatures close to the 
maximum feasible values, as limited by creep characteristics and by 
resistance to both carburization on the inside and oxidation on the 
outside. Tube arrangements in the furnace have changed to vertical
supported outside the firebox, as the horizontal suspension tends to 
sag at these higher temperatures, j Alloys of the high Cr~r;i typo have 
been developed (5), i.e. 25-20 and 25-35 Cr-Hi, for tube material to 
withstand these higher operating temperatures required for maximum 
ethylene yields.
The main design feature of any ethylene plant is the-way the 
preheated naphtha is brought to the cracking temperature in the 
shortest possible time and then immediately quenched.
Various furnace designs have been developed to produce the high 
heat flux in the furnace tubes by incorporating connection and radiant 
sections in the furnace,
Maximum production capacity of the cracking furnace has been 
about 30,000 tons/y ethylene. Stone and Webster have furnaces 
available up to 40,000 tons/y, and it is likely that 60,000 tons/y 
will be obtained in a few years time (4 ). It is necessary that 
furnace's have the flexibility to handle varying feedstock compositions, 
naphthas and gas oils, and also are capable of producing a varying 
output composition. For example the Stone and Webster furnace can 
provide an ethylene/propylene output ratio from 1:1 to 0.3*1 with 
yields of 30J® ethylene (2).
Further increased heat flux would probably push the tube wall 
temperatures above the limitations of present materials. However, 
the greater limitations to higher temperatures is the increased 
proportions of acetylene, methyl acetylene and propadiene, making 
the cost of their removal greater than the resulting gains from the 
increased yields of ethylene and propylene.
The capital and operating costs of the recovery and purification 
stages can be reduced by adjusting the furnace time/temperature 
relationship to give minimum yields of unwanted by-products, hydrogen^ 
methane, acetylenes, etc., which increase equipment size and utility 
costs in the separation section.
Various schemes have been developed in attempts to reduce the 
costs of the recovery and purification stages but most plants today 
use some variation of a low temperature fractionation system, with the 
cracked gas compressed to 400-500 psi. The compression stages are 
still being improved and compression brake horsepower is down to
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0.5 b.h.p./lb.hr. of ethylene. ' A part of the improvement has boon 
'brought about by yield improvements in the furnace, but the highest 
gains have been made in the refigeration stage due to improved energy 
transfer between various compression stages, thus reducing brake 
horsepower requirements for the ethylene and propylene refigeration 
compressors.
Another considerable improvement has been the change from 
reciprocating to centrifugal compressors and the reliability of the 
large compressors has been proved in operation. The compressor used 
on the I.C.I. 450,000 tons/y ethylene plant is a 65,000 b.h.p. single 
drive compressor, the biggest in the world, and it is possible to 
obtain designs for compressors for plants of 700,000 tons/y capacity (5).
The removal of COp and HpS from the compressed cracked gas is 
generally by scrubbing with HaOH, and the spent alkali after 
neutralisation and degassing, discharged to the plant disposal system. 
With increasing sulphur content (0.3-1.05 for gas oils) in the 
feedstocks and more stringent waste disposal requirements,there could 
be a move to regenerative systems for acid gases removal. Alternatively 
the feedstock could be desulphurised before cracking.
References
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Chapters 5 and 6 Polymerisation and Processing of Low
Density Polyethylene '
Introduction
In Chapter 4 the technological developments in 
.ethylene have been considered in detail as this is 
considered to have played an important part in the 
growth, of ldPE.
In Chapters 5 and 6 the importance of technolo­
gical progress in two other areas, polymerisation and 
processing are also considered in detail. This approach 
is necessary if the components and their interactions 
In the system are to be discovered and fully understood.
At the end of the Second World War ldPE was a high 
priced specialist product. What particular technological 
factors have been important in bringing the product to 
its present position, both in price and applications? 
Chapters 5 and 6 are concerned with the parts innovation 
and technological Change in polymerisation and processing 
have played in the growth of ldPE over the last twenty- 
five years.
To extend the use of a chemical product it is 
necessary to know the strucure, physical and chemical 
properties and the present limitations of the material. 
Investigations in this area provided a better under­
standing of how structure related to properties. Work 
on the polymerisation reaction kinetics gave explanations 
on how structural alterations in the molecule were 
possible. Also work on the polymerisation process 
provided information on how processing conditions and 
various catalyst systems affected the properties of the 
product. As a result of these studies the producer was 
able to select the right processing conditions for the 
production of a polymer with specific properties. 
Therefore a considerable amount of scientific and
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technical work has been carried out in the related area 
of structure/properties/processing conditions.
Market development depends as much on selling price 
as quality and properties. One therefore considerable 
effect has been made to reduce manufacturing cost. This 
has lead to work on improved reactors, compressors and 
associated equipment and instruments.
The technological developments in polymer production 
and the resulting introduction of new polymer grades 
required related developments in processing machinery 
to ensure that good quality products could be provided 
economically. Processing machinery had to be capable 
of translating the new grades of polymer into products 
and this required close cooperation between polymer 
■producer and processor.
As the area of application for ldPE expanded, so the 
field of technological progress widened and the growth 
depended on technological developments in a larger area 
of industry. Thus, as the material became used for 
packaging, so further economic and technological barriers 
were removed to maintain the expanding growth rate.
Continuing expansion depends on technological 
developments from a widening area of industry but within 
each area results depend on detailed specialist investi­
gation and development. Chapters 5 and 6 emphasis that 
ldPE has expanded in volume and application through 
technological developments and innovation in many fields.
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Chapter 5 The Polymer, Low Density Polyethylene
"As time passes any story tends to become idealized and presented 
in a way which suggests a steady logical growth from the start of the 
research programme to the discovery and development of t he particular 
product. The story of polythene, however, provides an unusual clear- 
cut instance of the unexpected results that may come from research 
and the importance of the role of chance in such work" (l) J.C. Swallow
5.1 Early Developments
The work that led to the discovery of ldPE resulted from 
research carried out by I.C.I. Alkali Division at Northwich, Cheshire
(i)
and was not initially directed towards a new polymer.
The section in which the work started was set up by Swallow in 
1924 at v/innington for the measurement of physico-chemical data.
By 1928 Swallow realised that the company’s interests had shifted 
towards high pressures and was looking for an excuse to start 
work in this direction.
In 1929 this opportunity arose when the Dyestuffs Group financed 
a programme to study the effect of pressure on eutectic compositions.
In 1931 the research projects at Winnington were reviewed and although 
several projects were stopped^the high pressure work and physico­
chemical studies were continued. A project on the hydrogenation of 
coal at 400 atm. was terminated and this provided equipment for the 
high pressure work. In 1931 the Lyestuffs Group Research Committee 
proposed a study on organic chemical reactions at high pressures. 
Independently Swallow and Perrin recommended that high pressure 
chemistry in the range 1,000-20,000 atm. be adopted as a long range 
project at Winnington. This suggestion followed an examination of 
the work by Bridgeman and Conant.(2) P. W. Bridgeraan and others 
at Harvard had studied the properties of matter up to pressures of
25,000 atm. J. B. Conant and C. 0. Tongberg (3) had examined the rate 
of polymerisa/fcion of isoprene and butvraldehyde at 12,000 atm.
(i) References to several good articles on the early developments and 
invention of ldPE are given in a bibliography at the end of the 
chapter.
Facilities-were available at Winnington for work at 3,000 atm, 
and the evidence from the work by Conant and Bridgeman was that in 
both inorganic and organic fields, reactions and transformations 
which did not proceed at low pressures could be induced to do so at 
very high pressures,
Fawcett and Gibson begun work on chemical reactions at high 
pressure in 1932. At the end of the year the Dyestuffs Research 
Committee recommended that attention be directed to five gas-liquid 
systems involving carbon monoxide and the ethylene-benzaldehyde 
reaction. Also the laboratory and equipment from the terminated 
coal-oil project had been converted and v/as ready for use. This 
included a hydraulic test pump which enabled pressures of 2,000 atm. 
to be used.
5.2 The First Discovery
In his notes of 27 March, 1933 Gibson made the first reference 
to what was later identified as polyethylene. ’White waxy solid in 
reaction tube' (4) after carrying out a benzaldehyde-ethylene reaction 
at 170°C and 2,000 atm. Unfortunately, when the experiment was 
repeated an explosion took place. The results of this work (5) and 
other experiments on liquid reactions (6, 7) have been published. 
Although the decompositions that took place on occasions with the 
benzaldehyde-ethylene reaction were a source of difficulty and 
uncertainty, by July yg. of the white material had been made - and 
identified as a high molecular weight polymer of ethylene. However, 
it was very different to the known low molecular weight polyners 
of ethylene, having a high melb viscosity and could be drawn into 
threads and films cast from solution. It was a flexible, tough, 
crystalline material with a fairly sharp melting point of about 110°C. 
In July 1933 work proceeded on other gas reactions, but at the end 
of the year the Dyestuffs Committee who had sponsored the work on 
chemical reactions at high pressure discontinued their support.
Over the next two years work continued on the study of reactions 
involving carbon monoxide and considerable improvement was made to 
the design of the high pressure equipment.
In October 1935 Perrin was put in charge of the high pressure
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work and he was interested in carrying out further work on ethylene. 
With the help of N. R. D. Manning, a research engineer, further 
improvements enabled a trial to be carried out on 19 December, 1935 
with ethylene at 170°C and 2,000 atm. However, it was impossible 
to hold the pressure at 2,000 atm. because of a suspected leak and 
the charging of the vessel.with ethylene was continued until the supply, 
was exhausted. On opening the autoclave about 8gm. of powdery white 
material was found, similar to that prepared by Fawcett and Gibson 
in the benzaldehyde-ethylene experiment. The product melted at 115°C 
and could be drawn into filaments under constant stress. This latter 
property resembled the behaviour of the polyester fibre prepared by 
Corothers in the U.S. By January sufficient material was available 
for the evaluation of the properties.
The work continued over the next few months with occasional 
explosive decompositions and it was found that polymerisation was 
being initiated by traces of oxygen in the ethylene supply. It was 
noted that when the rate of polymerisation became too fast, resulting 
in an uncontrollable rise in temperature, decomposition took place.
The molecular weight of the polymer was found also to increase with 
the pressure in the polymerisation vessel.
5.3 The Patent and Further Developments
In August 1936 I.C.I. filed a patent (8) for the production of 
polyethylene. The process described in the I.C.I. patent was for 
polymerisation of ethylene under 1,000-3,000 atm. at a temperature 
of about 200°C, accurately metered oxygen, not greater than 0.25/,to 
avoid explosive decomposition. Conversion per pass was low, 15-20'/ 
and high molecular weight polymer was obtained at low 0  ^content and 
lower ethylene conversion. Lower molecular weight polymer was 
produced at high oxygen content and higher ethylene conversion.
Other patents followed in which the polymerisation conditions were 
improved. Also the importance of oxygen as a free radical initiator 
had been more than fully realised.
Professor Michels of Amsterdam in 1936 devised a small scale 
continuous operating compressor for handling gases up to 3?000 atm.
The major requirement at this time was the production of sufficient
k 11 r* j iiu
material for more detailed evaluation.
The reactor size was increased from 80ml, to 750 ml. to give 
1 lb. batches and then early in 1937 a further increase was made to 9'1. 
At this time it would have heen difficult to have reached any 
conclusion as to the likely future of the material and during the 
period 1936-38 attention was given to possible uses,
J, N. Dean of the Telegraph Construction and Maintenance Co, 
recognised the possibility of using polythene for the insulation of 
underwater cables, D. J, Hahgood of I.C,I, Dyestuffs who had recently 
joined the Company from the Telegraph Construction and Maintenance Co. 
recognised the similarities of the mechanical properties of gutta percha 
which was used for the insulation of telegraph cables. He requested 
25 cv/t. for evaluation.
In March 1938 an experimental pilot plant came into operation 
and by the end of the year 1 ton had been produced.
The Telegraph Construction and Maintenance Co. used the polymer 
for the insulation of a one-mile submarine cable from the mainland 
to the Isle of Wight and when this came up to expectation an order 
was placed for more material.
/ '
5,4 Production Begins
September 1939 saw the start of the first commercial plant of 
500 tons per year capacity. The plant was equipped v/ith 50 1. vessels 
and apart from the problem of obtaining ethylene of the required 
purity, a considerable amount of engineering skill had been used to 
solve the problems associated v/ith the compression of the gas. This 
had been achieved with a design of Michels by scaling up the original 
laboratory equipment. In fact the complete plant was essentially a 
scale up of the earlier equipment and represented the developments 
of engineers, metallurgists, physicists and chemists in overcoming 
the problems of working at high pressures and controlling large heats 
of polymerisation.
From I.C.I.’s original patent (8) it was realised that the 
pressure and 0o concentration had ah effect on the molecular weight 
and the molecular weight distribution. ' However, at this stage it
(i) See Appendix 3> Tables A3»l5 A3«2, A3e3*
was not known how molecular structure affected properties.
Once the war had started ldPE was found to he ideal for the
insulation of radar cables and the capacity of the plant was soon
inadequate to meet the rapid demand from the new use. A new plant,
double the size of the first, started operating in 1942,
Information on the use of ldPE in radar was given to the U.S. 
Government as part of an exchange deal in return for needed wartime 
equipment. As a result of an I.C.I.-Du Pont Agreement in 1941 I.C.I. 
gave the American company complete engineering and operating information 
on their process. In the event JJu Pont did not make use of this 
information as they had doubts about the removal of the large heat 
of polymerisation and developed their own wet tube high pressure 
process. Two other companies, Union Carbide and Carbon Corp., 
independently of Du Pont or I.C.I. information, developed a dry tube 
high pressure process. Both companies built plants aided by U.S. 
Government finance which were operating by 1943. In 1945 U.S. 
production, at 1,500 tons per year, had already exceeded U.K. output.
In Germany, I, G. Farben in 1942 started a commercial plant for ldPE 
based on a tube reactor (9).
5,5 Expansion and Further Development
At the end of the war U.S. manufacturers quickly developed new 
applications using films and injection mouldings, with a considerable 
increase in production. Both in the U.S. and U.K. production was 
pushed hard to satisfy the growing demands of new uses.
In the U.K. I.C.I., the only manufacturer, was working on 
scale up, better process control and improving the quality of the 
product. Additional physical and engineering properties were being 
investigated v/ith the aim of widening applications. Up until 1950 
the U.K. polymer produced had a density of 0.92 g/cm and a number 
average molecular v/eight (Mn) in the range 20,000-40,000, It was 
not until 1954 that the company had discovered hov/ to increase the 
density to 0,94 on a commercial scale.
Over the 15 years following the introduction of the first ldPE 
plant considerable development had taken place in the polymer field 
and in the closely related area of petrochemicals. It is not surprising
that the period 1950-60 saw such a rapid growth rate in the U.S. and 
U.K., and.the start of similar growth patterns in other West European 
countries.:.
X-ray and I.E. studies had clarified many concepts on the 
structure of ldPE and a .good deal of systematic knowledge of the 
kinetics of polymerisation had accumulated.^^ The effect of varying 
structure and chain length on properties were more clearly understood.
It was realised that if chain branching was increased, as it could 
be by altering the conditions of synthesis to favour the branching 
reaction, then the properties of the polymer changed in the direction 
of a less crystalline material of lower density. Further work in the 
U.S., Germany and Europe had led to the introduction of two other 
types of polyethylene and polypropylene.
Developments in the petroleum industry had led. to the availability 
of cheap sources of reliable quality and quantities of raw material.
The resources were available and the petroleum, chemical and plastics 
industries seized the anticipated business opportunities.
In 1952 the U.S. Government brought a case against I.C.I.-Du Pont 
under the Shearman Anti-Trust Act and as a result I.C.I. was forced 
to offer licences to other U.S. manufacturers. This resulted in six 
manufacturers taking up the offer and a number of licensees purchased 
further know-how for the operation of the autoclaves.
5.6 Polymerisation Process
The high pressure process, whether operating on a tubular (wet
(i) One of the first books on polymers was C. E. H. Baun "The Chemistry 
of High Polymers", Butterworth, 1948.
or dry reactor) or stirred autoclave (Table l) consists of two main
Table 1 Typical Product and Operating Conditions for Autoclave 
and Tubular Reactors
Autoclave Tubular Tubular
Temp (°C) 240 240 240
Pressure (atm) 1,500-1,600 2,400-2,500 1,500-1,600
Density (g/cm ) 0.921 O.918 0.925
Mean Mol. wt. 27,800 29,500 31,000
Total yield of polymers (f>) 12.3 13.7 9.8
Yield of desired high mol. wt. 
polymer (%) 10.4 12.3 8.9
Proportion of low mol. wt. 
polymer formed (T) 1.9 1.4 0.9
Sourco: Private communication
areas - a polymerisation and recovery section and a finishing and 
storage section. Figure 1 shows the polymerisation system for the
Fig. 1 ldPE High Pressure Processes
« ©, CC9- 5-fl. c.jof**, o c o •* I S',
r-T-T«rQ^
Source: Kirk Othmer,Encyclopaedia of Chemical Technology, Vol. 14,
Interscience,-1967.
three types of reactor. Pure ethylene (99*6/) is compressed through 
primary arid secondary compressors to 50,000 p.s.i. The :i ri tiator 
can. he introduced either directly into the compressed gas stream 
or into the reactor.^^■ In the tubular system the gas may he preheated 
before entering the reactor. The polymerisation can also be carried 
out in water or in a mixture of benzene and water. Conversion of the 
ethylene in each cycle is between 6-25/. The product is removed in
two stages, in a high and lower pressure separator. The ethylene
in the first separation is returned to the secondary compressor and 
the remaining ethylene from the low pressure separator recycled to the 
primary compressor.'
The m o lte n  polsnmer i s  p a s s e d  t o  t h e  f i n i s h i n g  and s t o r a g e  s e c t i o n  
w here i t  i s  e x t r u d e d  i n t o  g r a n u l e s .
C o n t in u in g  im provem ents  i n  t h e  c o n t r o l  o f  o p e r a t i n g  c o n d i t i o n s
and r e a c t o r  d e s ig n  have  l e d  t o  t h e  p r o d u c t i o n  o f  a  w ide r a n g e  o f
po lym er  g r a d e s  s u i t a b l e  f o r  new a p p l i c a t i o n s .  S p e c i f i c  ad v an ces  
i n c l u d e d  b e t t e r  c a t a l y s t  ( i n i t i a t o r )  i n j e c t i o n ,  im proved  s t i r r i n g  •
( i n  a u to c l a v e  r e a c t o r s )  w hich s p re a d s  t h e  r e a c t i o n  zones  a c r o s s  t h e  
r e a c t o r , '  and a b e t t e r  c o n t r o l  o f  t h e  h e a t  f lo w .  These t e c h n i c a l  
im provem ents  e n a b le d  i n c r e a s e d  th ro u g h p u t  w i th o u t  r e a c t o r  volume 
b e in g 1 changed^such  t h a t  t h e  1 0 ,0 0 0  t / y  s t i r r e d  a u to c l a v e  was im proved  
t o  t h e  p r e s e n t  r a t e  o f  2 0 ,000  t / y .  T u b u la r  r e a c t o r s  have  s i m i l a r l y  
b e e n  u p r a t e d  t o  7 0 -8 0 ,0 0 0  t / y .  F o r  exam ple, two new r e a c t o r s  a t  I J . S . I ’ s 
Antwerp p l a n t  have i n c r e a s e d  t h e  r a t e  o f  ldPE p r o d u c t i o n  from  
5 0 ,0 0 0 -1 0 0 ,0 0 0  t / y .  Each new r e a c t o r  h a s  a  c a p a c i t y  e q u i v a l e n t  t o  
t h a t  o f  t h r e e  r e a c t o r s  employed i n  t h e  o ld  p l a n t  ( 1 0 ) .  I . C . I .  have  
announced t h a t  a  new a u to c l a v e  r e a c t o r  o f  5 0 ,0 0 0  t / y  ldPE h a s  been  
d e v e lo p e d  and s h o u ld  be i n  o p e r a t i o n  l a t e  i n  1973 ( l l ) .
5.7 R e a c to r s
R e a c to r  r e s i d e n c e  t im e s  v a ry  f o r  a u to c l a v e  r e a c t o r s  b e tw een  
30 s e co n d s  and two m in u te s  and from  20 seconds  t o  2 m in u te s  i n  t u b u l a r  
r e a c t o r s .  A c c o rd in g  t o  R a f f  and Doale (12 )  most o f  t h e  p o l y m e r i s a t i o n
(i) The mechanism of the polymerisation reaction is given in detail 
in Appendix 3»
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i n  a  t u b u l a r  r e a c t o r  t a k e s  p l a c e  i n  1 ‘; seco n d s  and th e  r e s i d e n c e  t im e  
s h o u ld  n o t  be more th a n  tw ic e  t h e  t im e  d u r in g  which a c t i v e  
p o l y m e r ! s a t i o n  i s  o c c u r r in g *
E f f i c i e n t  t e m p e r a t u r e  c o n t r o l  i s  n e c e s s a r y  f o r  c o n t r o l l i n g  t h e  
m o le c u la r  w e ig h t .  I n  t h e  s t i r r e d  a u to c l a v e  t h e  t e m p e r a tu r e  i s  
r e g u l a t e d . b y  m ix in g  t h e  c o ld  i n p u t  w i th  t h e  h o t  p o l y m e r i s in g  m ass .
I n  t u b u l a r  r e a c t o r s  t h e  gas  i s  p r e h e a t e d  to  t h e  i n i t i a t i o n  t e m p e r a t u r e  
(150-250°C ) ard r e a c h e s  abou t  350°C i n  t h e  r e a c t i o n  zone . The p e a k  
t e m p e r a tu r e  i s  a t t a i n e d  t h r e e  q u a r t e r s  o f  t h e  way a lo n g  t h e  t u b e .
The d e s ig n  o f  t u b u l a r  r e a c t o r s  f o r 'p r o d u c i n g  24 ,000  t / y  h a s  b e e n  
u i s c u s s e d  by ocnoenemann ( 1 3 ) .  The c o n v e r s io n  p a th  was n o t  d i r e c t l y  
m e a su ra b le  b u t  was c a l c u l a t e d  from  te m p e r a tu r e  p r o f i l e s  on t h e  b a s i s  
o f  t h e  h e a t  b a la n c e
TT , . H eat absorbed, by ' H ea t removed byH eat r e l e a s e d  by r e a c t i o n  = . .  . 1r e a c t i o n  m ix tu re  t h e  c o o l i n g  w a t e r
The c o n v e r s io n  p a t h  i s  v a l i d  o n ly  f o r  th e  c o n d i t i o n s  o f  t h e  e x p e r im e n t  
a s  d e f i n e d  by i n i t i a l  0^ c o n c e n t r a t i o n ,  p r e s s u r e , '  t e m p e r a t u r e ,  
th ro u g h p u t  and r e a c t o r  d im e n s io n s .  • •
A p a t e n t  by Toyo K oatsu  ('15) s t a t e s  t h a t  a  600 1 . a u to c l a v e  
r e a c t o r  w i l l  p ro d u c e  60 ,000  t / y .  At a  15 .1 '/  e th y l e n e  c o n v e r s io n ,  
t h i s  g i v e s  a  r e s i d e n c e  t im e  o f  20 s e c o n d s ,  .
A com m ercial t u b u l a r  r e a c t o r  d e s c r i b e d  by D av idson  and Erdmann (1 4 )  
o f  U nion  C a rb id e  had d im e n s io n s  o f  l l / l 6 H i . d ,  x  7 7 0 ’ , o p e r a t e d  a t
33 ,000  p . s . i ,  and 30 seconds  r e s i d e n c e  t im e .
Table 2 • shows how temperature and pressure in an autoclave
Table 2 Polymerisation Conditions in a Stirred Autoclave
Pressure
p.s.i. Temp. °C Conversion M.F.I. g/cm3
22,000 256 15 2.9 0*914.
16,000 220 13 2.9 0.916
Zone 1 Zone 2
17,400 160 260 20 1.7 0.926
23,600 173 202 15 2.0 0.930
18,000 ; 230 249 19 1.3 0.920
16,800 190 250 20 1*7 O .923
Source: Kirk-Othmer Encyclopaedia of Chemical Technology, Vol. 14,
Interscience, 196?, 232
reactor affect conversion, M.F.I. and density. A large number of 
patents describe the polymerisation of ethylene in various types of 
reactor and under different operating conditions for various 
initiators/1^
The manufacturer requires conditions that will provide optimum 
conversion and residence times over the range of polymer specifications 
demanded by the end use. Unfortunately conditions that give high 
conversion may not give the best polymer properties. For example, 
the optical properties of ldPE, important for film applications, will 
deteriorate v/ith higher temperature, even though the conversion rate 
is higher.
It has been quoted that producers consider film grades made in 
tubular reactors are better than from autoclave reactors, whereas the 
reverse is true for laminate grade material. The Toyo Koatsu autoclave 
process is reported to give good quality films using high pressures, 
which gives a product having relatively less branching.
(i) See Appendix 3, Table A3*4
5*8 C o s ts  i n  P o l y m e r i s a t i o n
The o v e r a l l  t e c h n i c a l  d ev e lo p m en ts  have  r e s u l t e d  in a reduction
(i )in the capital costs of ldPE plants. From the list of capital costs' 7 
for the period 1959-71 for some IdP'E plants, the unit capital cost 
figures for each year do not show a particular downward movement. 
However, as a. general statement it can he said that the cost is- less 
for the larger plants, and the high unit costs are shown only for 
the smaller sized units, hithout knowing the history of each project 
the cost figure will not indicate whether this is a new site, 
expansion of existing facilities or includes major utilities or 
services. For example, for the initial plant the capacity may not 
call for on-site power generation. However, at some later expansion 
it may become economic to build a small•electricity generation unit 
and if this cost is included with the production facilities an 
abnormally high cost will result. Similarly the cost of site 
preparation for grass root projects will be considerably higher than 
for development on an existing site with services already available.
C a p i t a l  c o s t s  w i l l  a l s o  v a ry  be tw een  c o u n t r i e s ,  r e f l e c t i n g  
d i f f e r e n t  l a b o u r  r a t e s  and equipm ent c o s t s .  A lso  w here equ ipm ent h a s  
t o  be p u rc h a s e d  from  o t h e r  c o u n t r i e s ,  t r a n s p o r t  c o s t s  w i l l  a f f e c t  
t h e  t o t a l  f i g u r e .  As w i th  o t h e r  ch e m ica l  p r o c e s s  p l a n t ,  ldPE p r o c e s s e s  
a r e  s u p p l i e d  a s  a  pack ag e  d e a l  by a  c o n t r a c t o r  who h a s  o b t a i n e d  a  
co m p le te  o r  p a r t i a l  l i c e n c e  from  t h e  d e v e lo p e r  o f  t h e  p r o c e s s  t o
(i j)
s u p p ly ,  d e s ig n  a n d - b u i l d  t h e  p l a n t .  V a r io u s  fo rm s o f  l i c e n s i n g
b e tw een  t h e  p r o c e s s  l i c e n s e r  and t h e  c o n t r a c t i n g  company c an  e x i s t .
In one case the contractor is free to develop and improve the process 
and negotiate v/ith potential customers without reference to the 
original licenser. Other agreements will give the contractor less 
scope for independent action. Sim-Chern handlesthe I.C.I. process 
and have recently completed their 57th overseas ldPE plant. (16)
As f a r  a s  o b t a i n i n g  a p i c t u r e  o f  t h e  t r e n d  i n  t h e  U.K. o f  
c a p i t a l  c o s t s ,  m a n u f a c tu r e r s  have  b een  a s  h e l p f u l  a s  company s e c u r i t y  
w i l l  a l loy /.  Even so c o n s id e r in g  t h e  c o m p le x i ty  o f  m u l t i - p r o d u c t
(i) See Appendix 3> Table A3* 5
(ii) See Appendix 3> Table A3*5
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s i t e s ,  w i t h  s h a re d  s e r v i c e s ,  e s t i m a t i o n  o f  t h e  t o t a l  c a p i t a l  
employed by one p r o d u c t  r e q u i r e s  i n s i g h t  o f  d e t a i l e d  company 
a c c o u n t s .  B e a r in g  t h i s  i n  m ind, and u s in g  p u b l i s h e d  and p r i v a t e  
f i g u r e s ,  and t a k i n g  i n t o  a c c o u n t  v a r i o u s  comments by company s t a f f ,  
y e a r l y  t o t a l  c a p i t a l  employed i n  U.K. ldPE p r o d u c t i o n  h a s  been  
o b t a i n e d . ■ T h is  shows a  d e f i n i t e  downward t r e n d  i n  u n i t  c a p i t a l  
c o s t s ,  i n d i c a t i n g  t h a t  t h e  r e s u l t s  o f  t e c h n o l o g i c a l  p r o g r e s s  were 
e x c e e d in g  i n f l a t i o n a r y  e f f e c t s .  I n  f a c t  t h e  c o s t  o f  chem ical-  p l a n t s  
r o s e  by 3 .7$  P e^ annum b e tw een  1963 and IS6 %  b u t  jumped t o  1 0 .6 $  
i n  1970* (17 )  T h is  sudden  r i s e  would n o t  be r e f l e c t e d  t o  any e x t e n t  
i n  t h e  1970 ldPE c a p i t a l  c o s t s  a s  a  c o n s i d e r a b l e  p a r t  o f  any p r o j e c t  and . 
a s s o c i a t e d  o r d e r s  would have  b een  c l e a r e d  b e f o r e  t h i s  p r i c e  i n c r e a s e  
was e f f e c t i v e .
(ii)C o n s id e r in g  t h e  f i x e d  c a p i t a l  in v e s tm e n t  V ■ f o r  t h e  p r o c e s s  equ ipm en t 
and u t i l i t i e s ,  t h i s  can  be  b ro k e n  down i n t o  t h e  two m ain  s e c t i o n s  o f  
t h e  p l a n t  -  p o l y m e r i s a t i o n / r e c o v e r y  and f i n i s h i n g / s t o r a g e .  The 
p o l y m e r i s a t i o n / r e c o v e r y  s e c t i o n  a ccoun ts  f o r  ab o u t  48/  o f  th e  
in v e s tm e n t ,  a  m a jo r  i te m  b e in g  t h e  c o m p re s so rs .  F o r  a  20 ,0 0 0  t / y  
p l a n t  t h e s e  c o u ld  c o s t  £250, 000, 1970 c o s t .
( i i i )The e f f e c t  o f  c a p a c i t y  on c a p i t a l  c o s t  '  '  can  be e x p r e s s e d
by a  g e n e r a l  e q u a t io n  (1 8 )
where x = 10^ t / y  p r o d u c t i o n  ld ? 3
Y = £ K T ,  1970 c o s tnc3
The p r o d u c t i o n  c o s t s  f o r  a  2 0 ,0 0 0  t / y  a u to c l a v e  p r o c e s s  i s
(i) See Appendix 3> Table A3.7
(ii) See Appendix 3j T a b le  A3.8
(iii) See Appendix 3? Table A3.9
given in Table 3- The 1972 figures have been inflated, to obtain
T a b le  3 -E ffec t  o f  i n f l a t i o n  on p r o d u c t i o n  C o s ts  o f  IdPE 
C a p a c i ty :  20,000 t / y
Variable charges 
Haw materials 
Labour 
Utilities 
Total variable charges 
Fixed charges 
Maintenance 
Plant overheads 
Taxes & insurances 
Depreciation 
Admin., R & D, sales 
Total fixed charges 
Total production cost
e s t i m a t e s  f o r  1974? assum ing  l a b o u r  and u t i l i t y  c o s t  i n c r e a s i n g  a t
5 /  p e r  y e a r  and c a p i t a l  a t  10/-. E th y le n e  p r i c e s  f o r  1974 have  b een
ta k e n  a t  £ 2 8 / to n . .  E f f e c t s  o f  d i f f e r e n t  s e l l i n g  p r i c e s  on th e  r e t u r n
on in v e s tm e n t  have  b e e n  c a l c u l a t e d  f o r  1972 and 1974* B ased  on
a  s e l l i n g  p r i c e  f o r  ldPE o f  £ 1 5 0 / t o n ,  t h e  e f f e c t s  o f  i n f l a t i o n
w i l l  r e d u c e  t h e  R0I from  1 1 .6  t o  6 .4 $ .
W ith t h e  f i x e d  c o s t  a c c o u n t in g  f o r  such  a l a r g e  p e r c e n ta g e  o f
p r o d u c t i o n  c o s t ,  r e d u c e d  o p e r a t i n g  r a t e s  w i l l  s e r i o u s l y  a f f e c t
( i i )o p e r a t i n g  econom ics .
(i) See Appendix 3? Table A3.10
(ii) See Appendix 3? Figure A3.1
1972 1974
T o t a l  (£ ) p / l b 4  'r T o t a l  (£ ) p / l b
5 33 ,300 1.190 2 4 .3 6 622 ,183 1.339
90,000 '0.201 4 .1 1 99 ,225 0.222
188,000 0.420 8.60 207,270 0 .462 .
811,300 1.811 37.07 928,678 2 .0 7 3
201,600 0 .450 9.21 243 ,840 0 .5 4 4
72,000 0.161 3 .30 7 9 ,380 0 .177
84,000 0.188 3 .8 4 101 ,600 0 .227
420,000 0 .9 3 7 19 .18 508,000 1 .1 3 4
600 ,000 1 .339 .2 7 .4 0 600 ,000 1 .3 3 9
1 ,3 7 7 ,6 0 0 3.075 6 2 .93 1 ,5 3 2 ,8 2 0 3,421
2, 188,900 4.886 100 .00 2 ,4 6 1 ,4 9 8 5 .4 9 4
.20
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Appendix 3
T a b le s  and. F i g u r e s  f o r  C h a p te r  5
T a b le  A3»l E f f e c t  o f  p r e s s u r e  on Mol. w t .  a t  0 .0 6  0^ co n c .  and 200°C
Pressure (atm)
.111|
-P 
. 
i—Io
520 2 9 000
c 1000 4 9 ooo
1500 6j 000-12,000
3000 12,000-24,000
T a b le  A3»2 E f f e c t  o f 0^ conc . and m ol. w t .  a t 1500 atm. and l 80- 200°C
Og cone , (ft.) C o n v e rs io n  (ft.) M ol. w t .
0.01 6 18,000
0.04 9 12,000
0 .0 7 10 10,000 ‘
0 .1 3 15 6,000
0.16 decornp
T a h le  A3<*3 D i s t r i b u t i o n  o f  mol. 
R e a c to r
w t,  i n  t h e  P r o d u c t  o f  an  A u to c la v e
Mean Mol. Wt. ft: P ro d u c t
10,000 and l e s s 18.8
10,000-20,000 22.6
20,000-40,000 15.1
40,000-60,000 14 91
60,000-100,000 12.3
100,000 and o v e r 17.1
100.0
Table 
A3.4 
continued
r—1 r o r o r-> (O P I—1 r o OO M CD *— i OO
o n O o n CD r—* r o r o CO o o • - P CD i - jo • • e o • • • c CX3 c o VCD
4 0 . 14) r o 1—’ CD 0 3 CD M « o n ; _■ - i i . «
. o e 1—1 • • « r o o - P • » C->
o n o n - f \ e -A- .r^ . » O 4^ 4^ C D —4
r o r—1 b j
o o
0 0 o\ b \ - P
o n
4 ^
O
O O O O
Z - o ' -■? o ' C :'' CD < (—1 -P ?:■' h;J
p" P CD P CD P" O P‘ o o O p" O P" O o " o o' o "
c h 4 c + 4 c +
4 5
c + 4 4 o c + 4J c + 4 4
hr 4 4
CD CD N CD N CD CD CD CD CD P p P P P p4 4. ' CD 4
CD
4 CD4
CD
,4 c+
03
4 pts 4 c t -xn 4
o
3
H -
4
l_J r - 1 r-> r—■ r - 1 i—1 1—1 r - 1 r—’ p r o
r o r o O o r—1 P o ■ —j v_n o n o no o o o o O o o o n O O Oo o o o o o o o O o O o
O no0
1
CDooo
l_J
o n  O n
OO
r o r o r o M r o r o r o r o r o r o r o r o
c d o o OO o o o — 4 — 0 O o !—1 C Do o o o o o o o o n o n O O O o o
oo
0001
rooo
CD P
O'B O H- p  4 ch
I—1o
3 H*4
M
c o  r o
P oro ro
45 <5CD 1.0 r—■ 'on p -Pro I-* ! CD • CD Q 4
-P «> r— * o ' A  H- Oo\ o -o o'
c<j
-4
c+
ed O
§
«
P P- cr‘ O' O'
H* H* P P P
1 1 !3 4 4
P c+- N N N
1 I O O O
of cf ■b c<! 41
p P r-1 i— 1 I-D o o
c+ c+- eh c-r-45 'd
!_i t-D p P p m wr0000
4 4 c+ c+-
45 ' d ro ro io ro o O o p P
P P V W rb c+ c+4 4 H- H- H* P po O p, P> P^ P^W r4 CD CD p
H- H-
P
CD P
o o 
o  r o
o o 
r o  r o
xn m CD XSi CaJ p Ci3
cf c+ 0 ^ 0 ^
H - H - 1— 1 p i— * m U1
4 4 O N oo
4 4 c+ r c+ o '
P P p P o
P^ P^ M
4s»
CD
o'
p
H  o '  
p
o
o '
o'
o3
o '
o'
o
&
M o '  \1'- W W w x n
O  P i cf c+ C+- c+-
M 3  H - r j * p H « H * 45
O '  c5~ 4 p 4 4 CD
o ' P 4 t - J 4 4 P
O
3 ,
c+ CD P P O
P P O ' P* P cT-
o ^ P* O O
O  P 
P <rr 
c f  CD 
CD 4  c+
Ui O 
r—’<;
CD
3-
pcT-
3
43
CD
45
o
H3 j3J H-
4 3
CD
M
4
H -e+H-
P
cr-
o
4
Table 
A
3.4 
I.C
.I. 
P
atents. 
E
thylene 
P
olym
erisation
5 123
r o r o r o i—1 i—1 to r o i—1
ON P o n O p p C o - 4« « • * • « »
4^ VO i—1 ON r o P p ON« o p o « r o r o
ON ON e o n o n • • o n
—41 ON o n VO VO O n o n 03
VO 00 , 03
CR3 ts! td ■Sj tzj 3 te{H- O CD O O 0 o<J d- 4 P P P c+0 N 0 0 PP 0 H-
P O0 P0
P-
p
ONo OOo
ro tO
ro
Oo
to to 
o o 
ts P
CD CD
ro p
ro p  
o n  o o  o o
too roP
P
I4^-P
P
OH
O
-P
-P
OOon
on
tdo'Po
o o P P p 1—1 r—1-P o o ro ONFT1 O o o on o03 O o o O o
On
O
roo
3H*3
03 d- P cf t f  Cf teJ fcvj P *d P
tf • O 0 S  H* c+ P H- 0 H-© P P id w \ / id 4 1ts Cf tsi o  g H- O H-o P 03 O p © <1 H COP H- H- P 1 1 H- oC<J *< <J P p  t r tej P cfP r—1 0 ►d 4 o ii 0 po P H- M t3* P P
0 *d 0 d- <k{ rP 0 4 0 1 td •dP 4 O 3 /  \ 0P o W 0 4 ' p
0 H H- P id t*j O
H* P t f d- P M
P* 0 H-0 P P0
tejo
P0
P
roon
O
—4on
IVOo
t—1o
3H*
P
CO
Co
P  P  H* H- O |
p H- 
4 W OJ O 
O  >P 
P 4 P o P  'd 0 'Oj
>d
0
4O
a
4 w to ro S CQ Ui CO < < CO0 P O p P P P P 0 0 pp Hv O p to P H- H- H- tfl m H* WO 4 O o O 4 4 4 m Ul 4 0P 4 o o p O 4 4 4 0 © 4 PO 0 o p 0 P 0 0 0 p p 0 O4 P P P P P P<! < o0 0 4
tri hj 
P P 
P  P  
0 0 
P P
WoP
<
0
PP
4i
4
0CQ05
PP
3
43
©
£
O
43 p- h - 
4 3 
0
o
-P
oo
§
M
4H-
PH-
PP
O
4
Table 
A3,4 
(continued) 
I.C.I. 
Patents,. 
Ethylene 
Polymerisation
Table A3.5 Capital Cost of lcIPE Plants
Pate Country Cost
(j£n)
Capacity 
(*000 t/y)
Unit capital 
cost (^10 /t)
1959 U.S. 20 75 0,27
Canada 15 18 0.83
I960 U.K. 9 10 0.90
1961 Mexico 8 12.5 0.64
1962 Penmark 1.2 14 0.09
Austria 20 7 2.86
Brazil 12 6,5 1.85
1963 India 6 10 0.60
Rumania 10 24 0.42
Yugoslavia 6 10 0.60
1964 Germany 9 24 O .38
Poland 7 16 0.44
Czechoslovakia 9 24 O .38
E* Germany 3.9 i 24 0ol6
1965 Poland 7 16 0.44 .
Rumania 10 24 0.42
1966 Mexico 11.2 18 0.62
India 6 6.5 0.92
Czechoslovakia 3.4 24 0,14
1967 S. Africa 5.5 25 0.22
1968 Belgium 30 50 0.60
China 10.8 36 0.30
Prance ■17.5 65 0.27
Sweden 20.2 85 0.24
1969 Mexico 19 56 0.34
Rumania 15.6 60 0.26
Turkey 10.3 12 0,86
1970 Prance 11.5 50 0.23
Hungary 9.6 24 0.40
1971 Turkey 7.6 . 12 O .63
Source: European Chemical hevis and private communication.
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Table A3®6 ldPE Process Developers and Contractors
n . Capacity _ _ , Completion
Company, location (oOO t/y) Process Contractor Date
USI-Burope ITU, 100 NDCC . Lummas 1971
Zwijudrecht, Antwerp
Union Carbide, Antwerp 50 UCC U.C. 1971
Technoimport, Bourgas, 24 ICI S.C. 1971
Bulgaria
A qui t ai ne-Organi c o 
Lacq, Prance 35 SNPA 1965/70
Balon, Prance 100 - - 1966/70
Gonfreville, France 80 - ■ - 1971
3UC.1. Prance 
Fos, Prance 60 ICI 1972
Soc. Lorraine de 100 Ethylene — 1970
Polyolefins * Carling, Plastique
Prance
ABCD (ATJIC), Ragusa, 91 SNAM — 1971
Italy
Dow Chemical, Temenzen, 60
Progetti
ICI 1970
Netherlands
DSM, Limburg*, 50 ICI/ DSM 1972
Netherlands 
I.C.I. Holland NV, 30
Stamicarbon
1970
Rozenburg, Netherlands
Palimex, Plock, Poland 30 ICI S.C. 1970
Alcudia, Puertollano, 60 — — 1972
Spain
Dow Unquiresa, Terragona, 28 to - ~ 1971
Spain
Unifos Kemi, Stenungsund,
42
40
20E UCC
1973 
1970 ■
Sweden
Petkim Petrokimya, Izmit,
20E
12
UCC
ICI S.C.
1971
1970
Turkey 12 ICI S.C. 1972
BXC, Grangemouth, U.K. 20E uc Wimpey 1971
Shell Chemicals, 120 BASF 1974
Carrington, U.K.
Rheinische Olefinwerke, 50 BASF BASF 1970
Wesseling, W. Germany 240 BASF BASF 1972
260 BASF BASF 1974
Source:’ European Chemical News, Large Plant Siurveys
(i) S.C. - Sim-Chem.
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Table A3*7 Capital in U.K. ldPE Plants
Year
Plant
BXL
Capacity, 
Shell •
Year End (’000 tons) 
Monsanto I.C.I, Total
Total
Capital
(£m)
1959 12 10 90 112. 53*0
I960 12 18 105 135 . 59.5
1961 25 18 105 148 64.0
1962 25 15 20 110 170 76*0
1963 25 16 25 110 176 77.5
1964 35 18 25 135 213 84*5
1965 35 30 25 135 225 88.0
1966 60 45 25 150 280 98.0
1967 60 60 25 150 295 100.0
1968 80 60 50 150 340' 107.0
1969 80 60 50 150 340 107.0
1970 90 60 50 170 370 115*0
Source: British Plastics, European Chemical News, Shell International
Chemical Co. Ltd., B.X.L., Monsanto and private 
communications.
Table A3*8 Capital Investment in the Autoclave Process
fo. of total fixed 
investment
Polymerisation and Recovery Section
Process unit equipment 48
Utilities 4
Finishing and Storage Section
Process unit equipment 30.8
Utilities 4
General Service Facilities 13*2
100.0
Source: Private communication
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Tahle A3*9 Effect of Plant Capacity on Capital and Production Costs
Plant Capacity (t/y) 25,000 50,000 75,000 100,00(
Plant cost (/lO^) 11.7 20 27.8 35.6
Production cost c/lh 
based ethylene cost of 
i) 3.1 c/lb 14.91 13.43 12.69 12.35
ii) 3.75 c/lb 15.57 14.09 13.36 13.01
iii) 4*37 c/lb 16.23 14.76 14.02 13.67
Source: Studies in the Development of Plastics Industries,
Petrochemical Industry Series Monograph Do. 4, U.P. 1969.
5 128
Table A3.10 Effects of Inflation on ROI
Sales 205000 t/a :
Selling price £./1 Revenue £m
150 3.0
145 2.9
140 2.8
Return after 40r fax
Selling Price £/t 150 145 140
, 1972 11.6 10.4 9.3
1974 6,4 5.4 4.5
Fig. A3.1 Effect of Reduced Operating Rate on Production Cost
lOO.obsC^ 1.7
5-o _
o-bas
O >ro~-
Source: Private communication
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A3.1 Early Chemical V/ork on Polymerisation
The first synthetic high molecular weight polymer was probably 
polymethylene produced from diazomethane in I898--I9OO (l, 2). A 
polymer similar to the present high pressure material was probably 
prepared by Lind and Glocker in 1929 (3) by subjecting ethane to a 
semicorona discharge, though these investigators did not characterise 
the product as polyethylene,,
Aggarwal and Sweeting (4 ) discussed the early studies on ethylene 
polymerisation and mentioned that some of the work was directed at 
the production of gasoline or lubricants from ethylene by high 
pressures in the presence of various free radical generators.
Lenher of Du Pont in 1931 in his work on the mechanism of the 
slow thermal oxidation of olefins at atmospheric pressure and 
temperatures above 350°C studied the reaction of ethylene and oxygen.
He concluded that oxidation was mainly a homogenous chain type reaction. 
Above 490°G the polymerisation reaction became important with the 
higher olefins, with propylene the major product. At 600°C three 
times as much ethylene was polymerised as oxidised, with the product 
mainly prox>ylene.
The kinetics of ethylene polymerisation at 377°C and 142 cm. 
pressure was studied by Sto.rch (5) and the difficulties of obtaining 
reproducible polymerisation were attributed to the presence of minute 
traces of oxygen.
Several references refer to the polymerisation of olefins by 
free radicals. Beck et al (6) studied the polymerisatidn of ethylene 
and propylene using lead tetramethyl and tetraethyl. They found that 
the polymer was formed by a bimolecular reaction between the free 
radical^ and the olefin molecule.
ch3° >  c2h4 _ ^  c3h7°
°3H7° + C2H4 » C5H11°
A similar result was obtained by Danby and Hinshelwood (7) in 
their studies on ethylene polymerisation by free radicals produced 
by photolysis with U.V. light on aldehydes or ketones.
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A3*2 Polymerisation Mechanism
The free radical polymerisation of ethylene includes four stages (8), 
initiation, prorogation, termination and chain transfer. The 
mechanism by which, oxygen initiates the formation of the polymer is 
not clearly understood. Hill and Doak (9) have described an induction 
period which is the period before polymerisation occurs, when the 
oxygen concentration falls to about half. Most discussion considers 
a mechanism where the free radical source is a peroxide or azo compound.' 
(c6h5c o o)2  2C6H5COO°
2CgH5COO 1 2C6H5° + 2C°2
C6H5° + CH2 = CHg----> C6H5-CH2-CH2°
Following on from this^propogation proceeds as follows
H° + CH2 --CH2 --> R-CH2-CH2°
R-CH2-.CH2° + CII2 = CH2 ----> R-CH2~CH2-CH2-CH2°, etc.
Termination reactions involving two radicals will be competing 
with the propogation process 
H-(CH2-CH2)n-CH2-CH2° + °CH2-CK2-(Ch2-CH2)m-R
 -> K-(CH2-CH2)n-CH2-CH2-CH2-CH2-(CH2-Cn2)m-E
addition product
R-(CH2-CH2)n-CH=CH24-CH3-CH2-(CH2-*CH2)m'-R
disproportionation products
For the formation of a high molecular weight polymer, a high 
concentration of ethylene is necessary to ensure the rate of chain 
lengthening is greater than the termination reaction.
The chain transfer reactions can occur between the polymer 
radicals and the monomer or solvent (SIl) molecules if present.
r-ch0-ch2° + cpi2 « ch2 — f r-ch=ch2 + ch3-cii2°
or R-CH2-CH3 + CH2=CH2°
r-ch2-ch2°+.s h — > r-ch2-ch3+ S°
S° + CH2 = CII2  > S-CH2-CH2°
The molecular weight of the polymer can he adjusted by the 
addition of chain transfer agents. For example the addi'i i on of 
propylene can result in the formation of an isopropyl radical, which 
can then be used in the propogation reaction.
R-CIi2-CH2° + CH3-CH2-CH3 R~CH2~CH3+ CH3-8h-CH3
A3.3 Properties and Structure of ldPE
.1 ldPE is a white translucent solid in thick sections and transparent 
when made in the form of a film. It is light (0.918-0.935 g/cm^), 
tough and flexible at normal temperatures, melting between 110-125°C 
to a clear viscoelastic fluid. Commercially the polymer is available 
in granules and powders suitable for the current processing methods.
A wide range of colours can be obtained from natural grades either by 
buying in the coloured material or adding a colour master batch to 
the natural grade.
By varying polymerisation conditions it is possible to produce 
a wide range of polymers (Mn 20,000-50,000) with varying lengths 
of branched chain.
The extent of polymer tailoring for end use can be judged by the. 
number of grades sold, it is not uncommon for a company to have more 
than 50 grades available. The different properties exhibited by the 
various grades are due to structural factors. If it were possible to 
know the complete structure of a polymer then the properties could 
be stated based on the given structure.
The primary structural variables are molecular weight 
distribution (M.W.D.), the length and number of chain branches 
within a given molecule and the possible variation in the number of 
branches in going from one molecule to another.
Polythene is commercially characterised by density and melt 
flow index^^. The density reflects crystallinity and mechanical 
properties which determine the utility of the polymer. The melt flow 
index is a function (inverse) of the molecular weight, molecular
(i) The melt flow index (M.F.I.) is defined as the weight extruded 
in 10 min. at 190 C through a standard orifice when a standard 
load is applied to the molten polymer.
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weight distribution and the number of side chains in the molecule#
It is primarily an indication of the flow properties which determine 
the processibility of the resin*
.2 The chemical analysis of polyethylene (C, 85* 7/-1 II914» )
corresponds to a formula as expected from an addition polymer
produced from ethylene*
Until.1940 polyethylene was regarded, as a linear chain hydro­
carbon. Fox and Martin (10) using infra red studies found more methyl 
groups in polyethylene than could be accounted for as terminal groups 
in linear paraffin molecules, '
vJuantitative I,R. studies (11) have shown that depending on the 
polymerisation conditions, the number of branches per 100 C atoms 
can vary between 1 and 20. Further work (12) confirmed the presence 
of many short branches, most of which were 2G atoms in length.
Other I.E. analysis (13) and degradation work (14) found evidence 
for branches of 4-5 'C*s long, as well as the 2 0 branches* Methyl 
group concentration, indicating the degree of branching, varies 
between 7-70 CK^ groups/1000 C.
•3 The polymer molecules aggregate together to form crystals and 
the crystals aggregate into spherulites. This whole determines the 
properties of the polymer. The aggregation of crystals is called 
spherulitic because some of the optical properties resemble those 
of simpler compounds. Spherulites of ldPE have been extensively- 
studied.
An important feature of IdFE is its partial crystallinity.
Because of the entanglement of chains and the presence of branched 
points which cannot fit into the crystalline structure, complete 
crystallisation is prevented, leaving amorphous areas between the 
crystals. Without this partial' crystallinity, many polymers would 
be rubbery at room temperature.
V
(i) A spherulite is an assemblage of crystals radiating from a point 
in all directions. Usually it occurs because of the growth of a 
large number of crystals from a certain centre, all with the same 
crystallographic axis pointing outwards.
Fig. 1 Crystallinity of ldPE vs. chain "branching
! OOC
3
i
So
0/
'7 0
Source: Raff & I)oak, Ref. 9*
Changing the polymerisation conditions can vary the number of 
branches from about 5 f° 0.1 branches/lOO C , atoms and consequently 
vary the crystallisation from about 35—75%-
The crystallinity is directly proportional to the density and 
can be expressed by
A_ A
c =
/A
/O Ph~ Pa 100
/Oc
/o
P>
- wt. % crystallinity
- measured density
- amorphous density
- crystalline density
At 25°C, /°c approximately 1 g/cm^, /°a approximately O .85 g/cnA 
The properties are generally correlated with density ra/ther than 
crystallinity because density can be rapidly and conveniently 
measured,,
The structure of the crystalline region has been obtained using 
X^ray diffraction and electron microscopy measurements (15) By 
comparing X-ray diffraction patterns from n. paraffins and ldPSjit 
was shown (16) that the polymer has the same structure as the shorter 
chain homologu.es of polyethylene. Therefore the packing of the
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polymer chains in the crystals is such that the C. atoms of each 
molecule form a planar zigzag - as in the shorter chain molecule. 
Electron diffraction studies (17) on thin polythene confirmed the 
earlier X-ray work.
The high crystallinity leads to opaque structures except in the 
case of rapidly chilled film where the development of large crystalline 
masses is prevented, thus giving substantially lower crystallinity 
than would he obtained for longer periods of cooling (l8). For 
example, a polymer with a normal density of 0.922 g/cm^ can be used 
for the manufacture of chill roll quenched film of density 0,919 g/cm^, 
or wiiih very slow cooling a density of 0.925 g/cm .
The following table shows how properties, mainly dependent on 
density (and crystallinity) change as density is increased.
Table 1. Effect of Increased density of ldPE on Properties
Property Direction of change
Tensile strength Increases
Melting point ii
Higidity and surface hardness ii
Softening point under load it
Impermeability it
Elongation Decreases
Flex life it
Creep rupture m
Impact strength ii
.4 Almost every product made from ldPE requires, during the 
manufacturing process, the flow of molten polymer, either into a 
mould or through an extrusion die. The choice of grade for a 
particular application is selected partly by flow characteristics.
A low M.F.I. corresponds to a high melt viscosity and high 
molecular weight. At the melting point the viscosity drops sharply 
although it is still high by comparison with conventional materials.
Table 2 Effect of Polymer Structure on Viscosity
Effect of increase of: Viscosity
Long chain branching 
Molecular weight 
M.W.D.
Decreases
Decreases
Increases
In the 1950*s it was probable that M.F.I. was an accurate 
description of flow properties owing to the limited number of 
polyethylene polymers produced. However, with the many grades now 
available, two with identical flow rates at the same temperature and 
under the low shear rates at which M.F.I. is measured, often ' ' 
become completely different at other temperatures or under the high 
shear rates found -in processing.
Processing temperatures for ldPE range between 140-300°C, and 
in an inert atmosphere high processing temperatures will not cause 
degradation.
.5 Electrical properties. Because of the non-polar nature of the
polymer, in the absence of impurities, it is an excellent high 
frequency insulator. The power factor is almost independent of 
temperature and does not vary appreciably, with M.F.I* and only 
slightly with density. As the polymer is sensitive to oxidation, 
antioxidants are added for electrical uses. Appreciable humidity 
will not affect the electrical properties as ldPE has a low water 
absorption,
.6 Gas permeability. The amorphous areas of the polymer will 
enable small gas molecules to pass and the more crystalline material 
will have a permeability of about 1/5 of the low density material. 
The resistance to water is good and it is a good barrier to most 
liquids except for some - such as ethers, hydrocarbons and some 
essential oils,
.7 Mechanical properties. The mechanical properties are dependent
on the density (crystallinity) and degree of chain branching of the 
polymer. As the melting point is moderately high the presence of 
the crystalline phase tends to retain the mechanical strength over 
a large temperature range.. Although crystallinity is an important
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factor in stiffness, it would seem that it is the density that is 
the determining property.
Pig. 2 Stress/Strain Curve for ldPE
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The tensile strength depends on density, molecular weight, 
temperature and loading. Temperature has a considerable effect on 
the value, which is reduced from 5,000 p„s,i. at -50°C to 2,000 p.s.i. 
at 20°C. In this temperature range there is little crystallinity 
change. (19)
Increasing density leads to increased tensile strength. For 
example h.dPE's ft ,0.95-0.96 have room temperature tensile strengths 
>4,000 p.s.i,, whereas ldPB,/o ,0.92 has a value below 2,000 p.s.i.
Molecular weight has a considerable effect on tensile strength. 
Figure 3 shows the variation between M.F.I. (inversely related to 
molecular v/eight) and tensile strength for polymers within three 
different ranges of density. The tensile strength increases as the 
M.F.I. is reduced.
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Pig. 3 Tensile Strength vs M.F.I.
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The higher density, more crystalline polymers are less ductile 
and tend towards brittleness, particularly in the case of low 
molecular weight material. Figure 4 shows the relationship between 
brittleness, M.F.I. and density.
Pig. 4 Brittle-toughness vs. M.P.I. and yQ
i O O
5-13&
Under load ldPE will deform continuously with time (creep).
In general there will he an increase in creep with inerea:.' d lead, 
increased temperature and decreased density. When the external 
stress is removed a strained sample will recover and relax over an 
extended time scale, towards its original dimensions.
If the polymer is put under stress in certain conditions, for 
example in contact with certain liquids such as polar organic liquids, 
fracturing at much lower stresses than under normal conditions can 
occur. This effect is known as environmental stress cracking* This 
will decrease with decreasing M.F.I. and density hut for material 
unstressed or lightly stressed, even the most active agents will not 
cause cracking. However, for the best resistance to environmental 
stress cracking, polymers with a M.F.I. of 0.3 or less are used,
.8 Additives. It is unusual to use fillers^^ with ldPE as they 
interfere with crystallisation.
'When colour pigments are used their specifications must ’withstand 
the processing and application conditions and they must not catalyse 
oxidation. In electrical uses the ageing of the colour must not lead 
to increased 'power factor.
As ldPE burns readily^flame retardants, such as antimony trioxide 
and some types of halogenated compounds have- been used.
Antiblocking or slip agents, such as oleamide, can be added to 
reduce the effect of cohesion when using ldPE films.
Oxidation can occur with temperatures as low as 50°C and also
in the presence of U.V. light. As the temperature is increased the 
useful life of the unstabilised ldPE decreases from years at room 
temperature to minutes at processing temperatures. This oxidation 
process is autocatalytic. In the case of photocatalytic oxidation, 
occurring in the presence of sunlight at normal temperatures, prolonged 
exposure can result in complete degradation, leading to discolouration 
and brittleness.
Antioxidants to prevent thermal oxidation during processing can 
be added in amounts up to O.OZp. These materials were developed
(i) Filler, A material which is added to certain plastics either to
reinforce or to give a cheaper compound. Fillers include woodflour,
chalk, asbestos, glass fibre and silica.
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originally for use with diene rubbers and have basically a phenol 
or amine structure* However, for severe processing conditions or 
if the polymer is to be used for electrical purposes, concentrations 
of about 0.1$ are used. These antioxidants are not really effective 
against photo-oxidation. For lasting protection particles of carbon 
black 10-25 m/a, in a concentration of about 2$, are used although 
0,1$ antioxidant can also be added to prevent thermal oxidation if 
the material is to be used in bright sunlight,
•9 Applications. The growth of ldPE to its present state of wide 
application can be attributed to the following characteristics.
1. Low cost.
2. Easy processibility and good stability in processing.
3. Excellent electrical properties.
4. Excellent chemical resistance.
5. Toughness and flexibility even at low temperatures,
6. Reasonable clarity of thin films,
7. Freedom from odour and toxicity.
8. A sufficiently low water .permeability for many packaging, 
building and agricultural applications.
Limitations are
Low softening point.
Susceptibility of low molecular weight grades to environmental 
stress cracking.
Susceptibility Id  oxidation (although polyethylene is better than 
most polymers).
Opacity of the material in bulk.
V/ax-1 ike appearance.
Poor scratch resistance.
Lack of rigidity.
Low tensile strength.
High gas permeability.
The density and M.F.I. of a number of polymer grades is shown in 
Table 3 with a list of suitable applications. Table 4 gives the 
properties of typical ldPE resins used for the production of films.
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Table 3 -ldPS Applications - Specifications
Density Melt .Plow Index Recommended Application
0.915 8 .0 General purpose film, injection moulding.
12.0 Extrusion coating and laminating.
22.0 Injection moulding.
0.917 0.3 Wire and cable coating.
0.4 Drum liner film, construction film.
1.0 Blow moulding3film, thermoform sheets, wire 
i coating.
2.0 Drum liner film, construction film.
0.922 2.6 1 General purpose film, cast film, soft 
goods packaging,|
0.923 8.0 Injection moulding.
0.924 2.0 Injection moulding, blow moulding.
3.0 Extrusion coating, laminating.
5.0 General purpose film, .soft goods packaging, 
injection moulding.
8.0 General purpose film, garment bags, 
injection moulding.
22.0 Injection moulding.
0:926 25.0 Injection moulding, blending.
0.929 5 .0 General purpose film, garment bags, overwrap 
film, moulding.
0.933 3.0 Overwrap film, bread wrap, cast film,
Table 4 Properties of Typical ldPE Resins for Films
Property GeneralPurpose
Very Very 
High Impact High 
High Clarity Clarity
; High
Drawdown . 
High Clarity
Medium 
Density 
High Clarity
Density
(g/crn ) 0.918
Melt Flow Index 
(g/10 min) 2.0
0.922
0.75
0.924
2.2
0.924 
4.0-7.0
0.928
1.8
Haze (/£) 20 7 4.5 6 5
Gloss (fo) 45 130 150 125 150
Impact ft. 6 8 4.5 4 2.5 ■
Uses Liners
Construction
film
Agriculture
film
Frozen food 
wrap
Heavy gauge 
bag
Soft
goods
overwrap
Dry cleaning 
bags
Shirt and
garment
bags
Automatic
overwrap
machines
Produce
bags
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6Chapter 6 Processing Low Density Polyethylene
■ This chapter deals with the processing and printing of ld?£. 
Technological progress in these fields has ensured that the advances 
in petrochemicals and polymerisation have heen fully exploited in 
the development of new, letter quality and cheaper products,,
A wider range of polymer grades, often with improved . 
specifications, has stimulated new designs in processing machinery, 
leading to-improved products and greater productivity. This in turn 
has called for better process control and new methods of instrumental 
control. In many cases manufacturers in the associated industries 
have jointly co-operated in the development of new polymers and 
equipment.
The first three sections of the chapter deal with technological 
p r o g r e s s  in extrusion, blow moulding and rotational moulding with 
respect to the growth of ldPE. The final section deals with printing. 
Y/ithout the development of processes and inks suitable for high speed 
printing on ldPE products, the packaging applications of the polymer 
would have been severely restricted*
6.1 Extrusion
.6,1,1 Developments in Extrusion of Plastics
Extrusion processing took 7 1 . of the U.K. ldPE consumed in
1971.
Extrusion of thermoplastics consists of melting and compressing 
the material while it is being forced through a long barrel by a 
revolving screw. The material becomes molten from heat supplied 
from the barrel and by the internal friction of the screw. The 
opening at the end of the barrel (the die) can be of various shapes 
depending on the required product.
Early extruders were based mainly on those used for applying 
gutta percha or rubber to copper insulation. The first extruders 
v/ere mainly operated ram types, while later the screw operated extruder 
was developed.
In its early use as an insulation for radar cables, ldPE was 
processed on rubber extrusion machinery. It was not until 1948 that 
the production of ldPE film was developed.
The first film was produced by chill roll casting and although 
having a high gloss and clear transparency, it was not easy to form 
into bags. The development of tubular blown ldPE film follov/ed and 
this was the beginning of the growth of plastic material in packaging 
Tubular film is generally tougher than cast film as. the tubular 
expansion process is really a mild form of biaxial orientation. 
Tubular extrusion lines (Figure l) are usually cheaper and smaller,
Fig. 1 Blown Film Extrusion Line
ft C-r
Source! Miles & Bristow, Polymer Technology, 1965
although advances in cast film machinery have reduced capital cost/ 
output to about the same level as tubular machinery. A high output 
tubular line requires a high cooling tower which increases the 
capital costs.
6.1.2 Developments in Extruders
A considerable amount of work has been published on the theory 
of screw extruders. This has enabled assessment of new extrusion 
designs and has provided a qualitative understanding of the factors 
which are significant in extruder operations.
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Developm ents i n  e x t r u d e r  d e s ig n  and a n c i l l a r y  equipm ent have 
r e s u l t e d  i n  o u tp u t  "being 4 -5  t im e s  h i g h e r  t h a n  i n  t h e  1 9 5 1 1 s .  The 
s i z e  o f  t h e  u n i t s  h a v e in o r e a s e d  from  2y" e x t r u d e r s  p r o d u c in g  l e s s  
t h a n  45K g/hr  a t  sp e ed s  o f  100*/m in .  t o  6 -8 M e x t r u d e r s  p r o d u c in g  
a lm o s t  450K g/hr a t  l i n e a r  sp e ed s  o f  ^00'/mln*
Higher processing speeds have been attained with no deterioration 
of product quality, in fact improved specification has continued in 
conjunction with higher outputs.
Increasing the L/D^^ ratio has enabled higher outputs to be 
obtained from higher screw speeds particularly in cast film.
E x t r u d e r s  w i th  3 0 ; 1 L/D r a t i o s  a r e  i n  o p e r a t i o n  b u t  t h i s  can  l e a d  
t o  m a in te n a n c e  p ro b le m s  th ro u g h  e x c e s s iv e  d i s t o r t i o n  o f  t h e  lo n g  s c re w .
The 3 - z o n e  screw  i s  r a p i d l y  b e in g  r e p l a c e d  by b o th  4 -z o n e  and 2 - s t a g e  
s c re w s .  The new d e s ig n s  a c h ie v e  b e t t e r  v i s c o s i t y  and t e m p e r a tu r e  
d i s t r i b u t i o n  and h i g h e r  o u t p u t s  a r e  p o s s i b l e  a t  s i m i l a r  o r  even  lo w e r  
m e l t  t e m p e r a t u r e s .  T a b le  1 shows c o m p a ra t iv e  o u t p u t s  from  e x t r u d e r s
T a b le  1 O utpu t from E x t r u d e r s  w i th  D i f f e r e n t Screw D esigns
3 -zone  screw 4 -zo n e  screw
O utpu t l6 0 K g /h r  a t  210°C l8 5 K g /h r  a t  190°C
S o u r c e : ■ B r i t i s h  P l a s t i c s ,  A p r i l  1971
w i t h  a 3 -zone  and 4 -zo n e  screw  o f  s i m i l a r  d i a m e te r .  The 4 -z o n e  sc re w
p r o v id e s  a  h i g h e r  o u tp u t  w i t h  a  10g r e d u c t i o n  i n  t h e  m e l t  t e m p e r a t u r e .
The s p e c i f i c  power i s  a l s o  re d u c e d  from  0 ,3 5  "to 0 ,3 0  Kwh/kg,
D evelopm ents i n  d i e  d e s ig n  and i n t e r n a l  c o o l i n g  sys tem s have
l e d  t o  i n c r e a s e d  o u tp u t  and b e t t e r  c o n t r o l  o v e r  t h e  t h i c k n e s s  o f
t h e  f i l m .
( i )  The L/D r a t i o  i s  t h e  l e n g t h  o f  t h e  e x t r u d e r  b a r r e l  t o  t h e  
d i a m e te r .
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I n t e r n a l  c o o l i n g  o f  t h e  d i e  m andre l  ( F ig u r e  2) can  i n c r e a s e  
F i g . .  2 E x t r u d e r  M andrel C o o le r
S o u rc e :  E u r o p l a s t i c s ,  June  1972
o u tp u t  by a s  much a s  20-7 and p r o v id e  c l o s e r  c o n t r o l  o f  f i l m  g au g e ,  
e n a b l i n g  t h i n n e r  f i l m  t o  be e x t r u d e d . . C o n v e rs io n  c o s t / b a g  i s  r e d u c e d  
from  £0,009 "fc° £0,007985 and a l s o  i t  h a s  b e e n  c a l c u l a t e d  t h a t  a t  
272 K g /h r  an e x t r u d e r  i s  c o n v e r t i n g  ab o u t  £ 4 5 /b r  o f  m a t e r i a l .  An 
a d d i t i o n a l  O.OOl” on a 0 .0 0 8'1 f i l m  t h i c k n e s s  s p e c i f i c a t i o n  r e s u l t s  
i n  an  e x t r a  (Ofy/hT on m a t e r i a l  c o s t .
6 . 1 . 3  F ilm -Y /id th  and O utput
A p a r t  from  t h e  r e s t r i c t i o n s  on o u tp u t  from t h e  e x t r u d e r ,  t h e r e  
a r e  l i m i t a t i o n s  im posed by t h e  amount and r a t e  o f  cooling o f  t h e  
t u b u l a r  f i l m .  I n c r e a s i n g  t h e  o u tp u t  u s u a l l y  r e q u i r e s  t h e  h e i g h t  o f  
t h e  c o o l in g  to w er  t o  be i n c r e a s e d ,  and a l th o u g h  a common h e i g h t  i s  
3 5'5 to w e rs  o f  100* have  been  b u i l t .  H e ig h ts  can be re d u c e d  by u s i n g  
a u x i l i a r y  c o o l in g  d e v ic e s  such  as  e x t e r n a l  s l e e v e s ,  m a n d re ls  and 
r e f r i g e r a t e d  a i r .  S e v e r a l  b e t a  r a y  and I . E .  u n i t s  a r e  a v a i l a b l e  f o r  
t h i c k n e s s  c o n t r o l .  A r e c e n t l y  d e v e lo p e d  w id th  c o n t r o l  sy s tem  
a u t o m a t i c a l l y  c o n t r o l s  t h e  w id th  o f  blow f i l m  webs t o  w i t h i n  -  3 mm, 
i r r e s p e c t i v e  o f  p r o d u c t i o n  r a t e s .
Q  ... _ pj t f tj
The b lo w in g  o f  w id e r  b u b b le s  h a s  b een  t h e  m a jo r  t r e n d ,  b e in g  
p rom oted  by th e  s e a r c h  f o r  g r e a t e r  p r o d u c t i v i t y  and economy.
I n i t i a l l y  f i l m  l a y  f l a t  w id th s  o f  o n ly  6" w ere  p o s s i b l e  b u t  p l a n t  
i s  now a v a i l a b l e  f o r  p ro d u c in g  l a y  f l a t  f i l m  o v e r  20 ' w ide .
T here  h a s  b e e n  a t r e n d  f o r  p l a s t i c  bag  m a n u f a c tu r e r s  t o  s l i t  t h e
l a r g e  l a y  f l a t  f i l m  i n t o  t h e  r e q u i r e d  w id th  and s id e  w eld  t h e  s i d e s .
T h is  fo rm  o f  p r o d u c t i o n  i s  q u i c k e r  and g i v e s  l e s s  m a t e r i a l  w astage ,,
Very w ide f i l m  p r o d u c t i o n  i s  n o t  so w e l l  d e v e lo p e d  i n  Europe
a s  i n  t h e  U .S . and one r e a s o n  g iv e n  i s  t h a t  t h e  p r o d u c t i o n  o f  l a y  f l a t
w id th s  e x c e e d in g  6m. i s  u neconom ica l  b e c a u s e  o f  c a p i t a l  c o s t  
c o n s i d e r a t i o n s .  However, from  t h e  p o i n t  o f  i n c r e a s e d  p r o d u c t i v i t y  
i t  seems c e r t a i n  t h a t  some ty p e s  o f  b ags  and s a c k s ,  e . g .  r e f u s e  and 
la u n d r y  b a g s ,  w i l l  soon  be ma.de on e x t r u s i o n  l i n e s .  Such p r o d u c t i o n ,  
common i n  t h e  U .S .A . ,  i s  l i m i t e d  t o  a  r e l a t i v e l y  sm a l l  bag  and e n t a i l s  
h ig h  equipm ent c o s t .
Gloenco o f  D ro i tw ic h  ( s u b s i d i a r y  U .S . G l o u c e s t e r  E n g in e e r in g  C o .)  
h a s  d e v e lo p e d  an e x t r u d e r  and a n c i l l a r y  equipm ent fox' t h e  p r o d u c t i o n  
o f  250g .  r e f u s e  b a g s .  T h is  has  an  o u tp u t  o f  227-295 K g/hr  w i th  a  
114 mm. e x t r u d e r  and a bo t to m  w eld  bag  m aker. The p l a n t  e n a b le s  any 
bag  l e n g t h  a d ju s tm e n t  be tw een  3 8 0 -5 ,0 8 0  mm. w i th  an a c c u ra c y  o f  0 ,5 $ .
A key  f e a t u r e  o f  t h e  p l a n t  i s  a  s l i t  s e a l  u n i t  w hich  s l i t s  and h o t  
w e ld s  t h e  l a y  f l a t  b u b b le  i n t o  2 , 3 o r  4 in d e p e n d e n t  l a y  f l a t  t u b e s  
b e f o r e  b e in g  f e d  i n t o  t h e  bag  w e ld e r .  A f u r t h e r  deve lopm ent i s  a  
c o m p le te  p r o d u c t i o n  l i n e  t o  m a n u fa c tu re  h a n d le  c a r r i e r  b a g s  u s i n g  
a  p u rp o se  d e s ig n e d  f o u r  c o lo u r  p r i n t i n g  p r e s s ,
6.1.4 Extrusion Coating
E x t r u s i o n  c o a t in g  o f  IdPE t o  p a p e r  i s  a  w e l l  e s t a b l i s h e d  p r o c e s s .  
D evelopm ents have b een  to w a rd s  c o a t i n g  g r e a t e r  w id th s  a t  h i g h e r  
p r o c e s s i n g  s p e e d s .  C o a t in g  w id th s  from  24" t o  72" a r e  common, a l t h o u g h  
t h e r e  i s  a 120" c o a t e r .  S e v e r a l  p l a n t s  a r e  now r u n n in g  a t  sp e e d s  o f  
up t o  2000!/m in .  F o r  example c o a t i n g  a 4 1 w id th  v / i th  a t h i c k n e s s  o f  
1 /x ld P E  a t  1200 , /m in ,  t h e  r a t e  o f  e x t r u s i o n  i s  680 K g /h r .
The rem oval o f  h e a t  a t  t h e s e  h ig h  windup s p e e d s  h a s  l e d  t o  
advanced  c h i l l  r o l l  d e s ig n s  and r e f r i g e r a t e d  c o o l i n g .  To e n s u re  
b o n d in g  a t  t h e s e  h ig h  sp e ed s  c h e m ica l  and c o ro n a  d i s c h a r g e  p r im in g  
u n i t s  can  be i n c o r p o r a t e d  i n t o  t h e  p r o c e s s i n g  l i n e .
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6 .2  Blow M ould ing
C o n s id e r in g  th e  e f f e c t s  o f  deve lopm en t i n  ‘blow m ou ld ing  machinery- 
on th e  grow th  o f  IdPE con su m p tio n ,  up u n t i l  i 960 t h e  m a t e r i a l  had 
t h e  l a r g e s t  consum ption  i n  blow m oulded p r o d u c t s .  (T a b le  2)
T a b le  2 P l a s t i c  M a t e r i a l s  Used i n  Blow M ould ing
M a t e r i a l
Consum ption i n  Blow M ould ing
I960  1970 '
T o t a l  p o f  t o t a l  T o t a l  ^  o f  t o t a l
( t o n s / y )  ( t o n s / y )
IdPii 6,100 10 26,500 1 0 .1
hdPE 500 11 27 ,5 0 0  . 50
PS 500 1 .4  3 ,5 0 0  2 .5
PVC 7 ,0 0 0  2 .1
S o u rc e :  B r i t i s h  P l a s t i c s ,  May 1971
A m a jo r  o u t l e t  i s  i n  t h e  b o t t l i n g  o f  d e t e r g e n t s .  (T a b le  3) 
T a b le  3 IdPE Blow Moulding. A p p l i c a t i o n s
1970 ( t o n s )
Sm all c o n t a i n e r s
D e te rg e n t 9,000
B leach ,
O i l ,  a n t i - f r e e z e ■ -
S c o u r in g  powder -
O th e r  h o u se h o ld 2 ,600
C osm etics  and p h a r m a c e u t i c a l s 4 ,1 0 0
F o o d s t u f f s 600
L arge  c o n t a i n e r s
( l  g a l .  and above) 6 ,2 0 0
S o u rc e :  B r i t i s h  P l a s t i c s ,  May 1971
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However, s i n c e  1962 with, t h e  deve lopm en t o f  a  h ig h  speed  p r o c e s s  
f o r  p r o d u c in g  PVC b o t t l e s  t h i s  m a t e r i a l  h a s  s t i m u l a t e d  c o n s i d e r a b l e  
d e v e lopm en ts  i n  blow m ould ing  m ac h in e ry .
Blow m ould ing  t e c h n i q u e s  b a s e d  on t h e  p r o c e s s  f o r  b lo w in g  g l a s s ,  
have  o n ly  been  f u l l y  d e v e lo p e d  s in c e  t h e  second  w o r ld  w ar .  By 1950 
a  r a n g e .o f . e q u ip m e n t  was a v a i l a b l e  f o r  b lo w in g  IdPE b o t t l e s .
E x t r u s i o n  blow m ould ing  was t h e  f i r s t  p r o c e s s  u se d  b u t  by t h e  e a r l y  
19501s i n j e c t i o n  blow m ould ing  had  b e e n  d e v e lo p e d .
I n j e c t i o n  blow m ould ing  p ro d u c e s  a  f u l l y  f i n i s h e d  c o n t a i n e r  
compared t o  t h e  e x t r u d e d  biow m oulded p r o d u c t ,  w hich  r e q u i r e s  f i n i s h i n g  
by t r im m in g ,  and l e a v e s  a  l a r g e r  amount o f  s c r a p .  A f i n e r  c o n t r o l  
o f  t h i c k n e s s  i s  p o s s i b l e  w i th  i n j e c t i o n  blow m o u ld ing . However, a t  
p r e s e n t  t h i s  p r o c e s s  i s  c o n f in e d  t o  c o n t a i n e r s  up t o  1 1. c a p a c i t y .
A much h i g h e r  s t a n d a r d  o f  f i n i s h  i s  a c h ie v e d  and t h e  p r e - s h a p i n g  o f  
t h e  p a r i s o n  b e f o r e  b lo w in g  a l lo w s  f o r  w id e r  d i f f e r e n c e s  i n  neck  
d i a m e te r  and t h i c k n e s s  o f  m ou ld ing . A lth o u g h  th e  o p e r a t i n g  c o s t s  
a r e  h i g h e r ,  t h e  c o n t r o l  o f  t h i c k n e s s  and r e d u c t i o n  o f  s c ra p  can  o u t ­
w eigh  th e  h i g h e r  i n i t i a l  c a p i t a l  c o s t .
Developm ents o f  n o te  i n  t h e  1960 ’ s i n c l u d e d :
i )  r e c i p r o c a t i n g  screw  p l a s t i c a t o r s  f o r  u s e  i n  making v e r y  l a r g e  
h o l lo w  p a r t s  such a s  3^ and 50 g a l .  t a n k s ;
i i )  i n  mould t r im m ing  d e v ic e s  t o  p ro d u ce  f u l l y  f i n i s h e d  w ide  
mouth b o t t l e s ;
i i i )  c o m p le te ly  i n t e g r a t e d  blow m ould ing  p l a n t s  f o r  m aking m i lk  
b o t t l e s ,  c i r c u l a t i n g  t r i m  m a t e r i a l s  f o r  r e p r o c e s s i n g  and fo rw a r d in g  
th e  b o t t l e s  t o  f i l l i n g  and c a p p in g  s t a t i o n s .
The l a r g e r  c o n t a i n e r s  c a l l  f o r  even l a r g e r  p l a s t i s i n g  u n i t s  t o  
e x t r u d e  t h e  n e c e s s a r y  p a r i s o n  and l a r g e r  p l a t e n s  w i th  w id e r  o p e n in g  
d i s t a n c e s  t o  accommodate t h e  mould.
The m a j o r i t y  o f  m ach in ery  f o r  blow m ould ing  o f  b o th  l a r g e  and 
sm a l l  c o n t a i n e r s  i s  o f  t h e  e x t r u s i o n  ty p e .
One o f  t h e  g r e a t e s t  p o t e n t i a l  m a rk e ts  f o r  IdPE i s  t h e  m ilk  
b o t t l e  and s e v e r a l  i n - p l a n t  i n s t a l l a t i o n s  a r e  b e in g  u se d  by s e v e r a l  
medium s i z e d  d a i r i e s .  However, f o r  t h e  e x t e n s i o n  i n t o  h ig h  volume 
o u tp u t  r e q u i r e d  by th e  l a r g e  com bines , m achine sp e ed s  w i l l  have  t o  
b e  c o n s id e r a b l y  i n c r e a s e d .  Maximum o u tp u t  from  a tw in  s t a t i o n  m a c h in e ,
with m oulds r e c i p r o c a t i n g  a l t e r n a t i v e l y  from  t h e i r  b low ing  s t a t i o n s  t o  
t h e  e x t r u s i o n  h e a d ,  i s  o f  t h e  o r d e r  o f  4 ,0 0 0  b o t t l e s / h r , ,  u s in g  a 
f o u r  parison e x t r u d e r  head  and two 8 - c a v i t y  m oulds . I n  t h e  U.S.A. 
i n c r e a s e d  o u tp u t  h a s  been o b ta in e d  by u s in g  a r o t a r y  t a b l e  m ach in e .
A s i x - s t a t i o n  h o r i z o n t a l  r o t a t i n g  blow m ould ing  u n i t  i s  a v a i l a b l e  
w i th  an o u tp u t  o f  9 ,6 0 0  x A 1 . b o t t l e s / h r .  A E uropean  .company, VPM, 
a r e  m a n u f a c tu r in g  a  r o t a r y  t a b l e  m achine c a p a b le  o f  p ro d u c in g  
10 ,0 0 0  0 .3  ! •  b o t t l e s / h r .
6C3 R o t a t i o n a l  M oulding
R o t a t i o n a l  m ou ld ing  s t a r t e d  ab o u t  1965 when m ach inery  became 
a v a i l a b l e  and 1 . 0 , 1 .  r e c o g n i s e d  th e  p o t e n t i a l  o f  IdPE powders f o r  t h i s  
u s e c
R o t a t i o n a l  m ou ld ing  i s  u se d  f o r  m ou ld ing  h o i107/ p l a s t i c  c o n t a i n e r s .  
Almost any shape can  be m oulded, th ough  i t  i s  m a in ly  u s e d  f o r  p r o d u c in g  
s t r e s s  f r e e  h o l lo w  c o n t a i n e r s  and equipm ent i s  a v a i l a b l e  f o r  m ou ld ing  
p a r t s  up to  4 ,0 0 0  g a l .
The IdPE powder i s  lo a d e d  i n t o  a h o l lo w  mould which i s  t r a n s f e r r e d  
to  an oven and r o t a t e d  p e r p e n d i c u l a r l y  abou t  two p e r p e n d i c u l a r  ax e s  
a t  a  p r e d e te r m in e d  speed  and r o t a t i o n  r a t i o ,  U.K. com panies a r e  
p r o b a b ly  t h e  l e a d e r s  i n  t h i s  t e c h n i q u e ,  A s im p le  and s i m i l a r  p r o c e s s  
and th e  f o r e r u n n e r  o f  r o t a t i o n a l  m ou ld ing , t h e  E ngel p r o c e s s  u s e s  a 
s t a t i o n a r y  mould which i s  f i l l e d  w i th  powder and h e a te d  u n t i l  t h e  
d e s i r e d  t h i c k n e s s  f u s e s  t o  t h e  mould s u r f a c e .  The Engel p r o c e s s  
h e lp e d  i n  t h e  developm ent o f  m ould ing  pow ders .
Compared w i th  blow m ou ld ing , t h e  main c o m p e t i t iv e  p r o c e s s ,  
equ ipm ent c o s t  i s  c o n s id e r a b l y  lo w e r ,  moulds by a f a c t o r  o f  up t o  5» 
However, f o r  lo n g  p r o d u c t i o n  ru n s  blow m ould ing  p r o v id e s  g r e a t e r  
p r o d u c t i v i t y ,  and a l s o  f o r  t h i n  w a l l e d ,  sm a l l  t o  medium s i z e d  b o t t l e s .
I n  1970 4 ,3 0 0  t o n s  IdPE, 500 to n s  hclPH and 2 ,0 0 0  to n s  PVC were 
u se d  f o r  r o t a t i o n a l  m ou ld ing . A l t o g e t h e r  i n  1'. E u rope , 1 5 ,0 0 0  to n s  
o f  m a t e r i a l  were u se d  f o r  r o t a t i o n a l  m ould ing  showing th e  g r e a t e r  
u s e  o f  t h e  p r o c e s s  i n  t h e  U.K. However, t h e  p r o c e s s  has  n o t  l e d  t o  
t h e  d e v e lopm en ts  e x p e c te d  s e v e r a l  y e a r s  ago.
W ith  t h e  a v a i l a b i l i t y  o f  even  b lo w in g  c e l l u l a r  p o w d e r s ,a  foam 
sandw ich  can  be i n c o r p o r a t e d  i n t o  t h e  s t r u c t u r e  and t h i s  deve lopm en t
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"by I . C . I .  h a s  i n c r e a s e d  s a l e s  i n  t h i s  a r e a ,
F u tu r e  d e v e lo p m en ts  a r e  e x p e c te d  to  come w i t h  more au to rm -tic  
m ach in ery  and t h e  u s e  o f  co m p o s i te  m a t e r i a l s .
.6,4 Printing
6.4.1 D evelopm ents in Printing on Plastic Materials
B efore ' IdPE f i l m s  and c o n t a i n e r s  c o u ld  be f u l l y  d e v e lo p e d  f o r  
p a c k a g in g  u s e s ,  p r o c e s s e s  were r e q u i r e d  f o r  d e c o r a t i n g  and p r in t in g -  
on t h e  po lym er  s u r f a c e .
The s u r f a c e  o f  IdPE f i l m  i s  g l o s s y  and smooth; t h e  po lym er  i s  
cueini:. ; . l ly  i n e r t  and n o n - p o la r .  Such p r o p e r t i e s  do n o t  e n a b le  i n k s  
t o  a d h e re  to  th e  s u r f a c e  and t h e r e f o r e  p r e - t r e a t m e n t  i s  n e c e s s a r y  b e f o r e  
p r i n t i n g .
I n  t h e  e a r l y  1950*s s e v e r a l  t e c h n i q u e s  were d e v e lo p e d  t o  g iv e  
i n k  a d h e s io n  t o  IdPE. The two m ethods now i n  g e n e r a l  u se  a r e  e l e c t r i c a l  
d i s c h a r g e  and h e a t  t r e a t m e n t .
The s p e c i a l  r e q u i r e m e n ts  o f  p l a s t i c  f i l m  have  l e d  t o  c o n s i d e r a b l e  
deve lopm ent i n  m ach in ery  d e s ig n  and i n  t h e  f o r m u l a t i o n  o f  p r i n t i n g  
i n k s .  However, t h e  equipm ent i n  g e n e r a l  i s  b a s i c a l l y  s i m i l a r  t o  t h a t  
u s e d  i n  p r i n t i n g  p a p e r .
When id P E ’ s p o t e n t i a l  a s  a  p a c k a g in g  m a t e r i a l  was r e c o g n i s e d ,  
none o f  th e  e x i s t i n g  in k s  were s u i t a b l e .  I t  was o n ly  a f t e r  m ethods 
had  b een  found  f o r  t r e a t i n g  th e  s u r f a c e  c o u p le d  w i th  t h e  deve lopm en t 
o f  in k s  b a s e d  on po lyam ide  r e s i n s  t h a t  IdPE f i l m  c o u ld  be p r i n t e d .
These r e s i n s  a r e  v e ry  p o l a r ,  good p igm ent w e t t i n g  v e h i c l e s  and t h e  
i n k  f i l m s  have  a g r e a t  a f f i n i t y  f o r  t h e  t r e a t e d  s u r f a c e .
The n o n - a b s o r b e n t  s u r f a c e  o f  IdPE means t h a t  t h e . s o l v e n t  must 
be e v a p o ra te d  th ro u g h  th e  i n k  l a y e r ,  w i th  no p r o p o r t i o n  a b so rb e d  by 
t h e  m a t e r i a l  a s  w i th  p a p e r .  As i t  i s  p o s s i b l e  t o  p r i n t  a  t h i n n e r  l a y e r  
o f  i n k  on a n o n -a b s o rb e n t  s u r f a c e ,  and w i th  t h e  deve lopm en ts  of.  q u ic k  
d r y in g  in k s  and h ig h  v e l o c i t y  a i r  d r y in g ,  any s u r f a c e  l i m i t a t i o n s  on 
p r i n t i n g  sp eed s  have  b een  overcome.
6 .4 * 2  P r i n t i n g  P r o c e s s  f o r  P l a s t i c  M a t e r i a l s
Of t h e  p r i n t i n g  p r o c e s s e s  a v a i l a b l e ,  f l e x o g r a p h  and g r a v u r e  a r e  
u s e d  m o s t ly  f o r  f i l m s  and s i l k  s c r e e n  p r i n t i n g  f o r  c o n t a i n e r s .
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W ith  s i l k  s c r e e n  p r i n t i n g ,  t h e  e f f o r t s  o f  m ach inery  m a n u f a c tu r e r s  
have  "been d i r e c t e d  m a in ly  to w a rd s  p r o d u c in g  f a s t  and fuZJ v au to m a ted  
p r o d u c t i o n  l i n e s  -  one c o lo u r  and m u l t i c o l o u r  -  w hich a r e  s u i t a b l e  
f o r  p r i n t i n g  m i l l i o n s  o f  b o t t l e s  a  ?/eek.
Of th e  two m ethods u s e d  f o r  p r i n t i n g  IdPE f i l m ,  c a p i t a l  c o s t  o f  
a . g r a v u r e  i n s t a l l a t i o n  i s  s u b s t a n t i a l l y  g r e a t e r  t h a n  t h a t  o f  comparable- 
f l e x o g r a p h i c  equipm ent b u t  i s  c a p a b le  o f  r u n n in g  a t  h i g h e r  s p e e d s .
F o r  s h o r t  r u n s ,  c o s t s  f a v o u r  f l e x o g r a p h y ,  th ough  i n  t h e  p a s t  t h i s  
p r o c e s s  has  n o t  p ro d u c e d  t h e  h ig h  q u a l i t y  work a v a i l a b l e  from  g r a v u r e  
p r i n t i n g .  .However, r e c e n t l y  h ig h  q u a l i t y  work h a s  been  o b ta in e d  from  
f l e x o g r a p h i c . p r i n t i n g  i n  t h e  U .S . ,  I t a l y  and S w i t z e r l a n d  w hich  p o i n t s  
t o  t h e  p o s s i b l e  r e p la c e m e n t  o f  g r a v u r e  p r i n t i n g  f o r  s h o r t  ru n s  
r e q u i r i n g  h ig h  q u a l i t y .
Of 5 0 ,000  to n s  o f  p l a s t i c  f i l m ,  f l i m  l a m in a t e s  and c o a te d  m a t e r i a l  
f o r  f l e x i b l e  packs,g ing  u s e d  i n  t h e  U.K. i n  1966, 60> were p r i n t e d , —
20)1 by g r s v u r e .  U n su p p o r te d  IdPE f i l m  u se d  f o r  p a c k a g in g  com m odities  
does  n o t  r e q u i r e  t h e  h ig h  q u a l i t y  g r a v u r e  p r o c e s s i n g ,  and t h i s  
a c c o u n te d  fo r .  t h e  m a jo r  p r o p o r t i o n  o f  f i l m  u se d  i n  f l e x i b l e  p a c k a g in g .  
However, t h e  p r i n t i n g  sp e ed s  on IdPE f i l m  u s i n g  g r a v u r e  p r e s s e s  
h a s  been  i n c r e a s e d  t o  abou t  600' / m i n .  w hich  h a s  improved, t h e  econom ics  
o f  t h e  p r o c e s s .  The p rob lem  o f  e x t e n s i b i l i t y  o f  IdPE d u r in g  p r i n t i n g  
a t  h ig h  sp e ed s  can  ca.use p o o r  r e g i s t r a t i o n  o f  c o lo u r s  i f  t h e  t e n s i o n  
i s  to o  h ig h .  W ith t h e  i n t r o d u c t i o n  o f  s e n s i t i v e  d r i v e  and c o n t r o l  
s y s te m s ,  f i lm 'd o w n  t o  0. 001" t h i c k  can  be p r i n t e d  i n  up to  e i g h t  
c o lo u r s  a t  sp e ed s  o f  400*/m i 11.
S t i f f n e s s  o f  IdPE v a r i e s  w i th  t e m p e r a tu r e  and t h i s  c h a r a c t e r i s t i c  
im poses  a low er  l i m i t  cn  t h e  d r y in g  t e m p e r a t u r e .  T h is  i n  t u r n  l i m i t s  
t h e  r a t e  o f  p r i n t i n g .  However, w i th  t h e  im proved  in k s  and d r y in g  
m ethods a l r e a d y  m e n t io n e d ,  d r y in g  t e m p e r a t u r e s  can  be k e p t  low w i t h o u t  
r e d u c in g  th e  p r i n t i n g  sp e ed .
The economics o f  th e  t h r e e  p r i n t i n g  p r o c e s s e s  i s  g iv e n  i n  
F ig u r e  3* T h is  shows c l e a r l y  t h e  e f f e c t  o f  l o n g e r  r u n s  on th e  c o s t  
o f  g r a v u r e  p r i n t i n g .
Figure 3 Relative cost of Printing a Four Colour Design
to 0,000l.coo
S o u rc e :  See B ib l io g r a p h y ,  P i n n e r  and Simpson, p . 8 l .
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PART 3
THE KEASURIEIHKT OF TECHNOLOGICAL CHARGE
T h ere  a r e  two c h a p t e r s  i n  t h i s  s e c t i o n ,  b o th  r e l a t i n g  t o  t h e  
m easurem ent o f  t e c h n o l o g i c a l  change w i th  r e s p e c t  t o  t h e  IdPE sy s te m . 
C h a p te r  7 d i s c u s s e s  t h e  u se  o f  p r o d u c t i o n  f u n c t i o n s  i n  t h e  
m easurem ent o f  t e c h n o l o g i c a l  change and d e s c r i b e s  ou r  work r e l a t i n g  
t o  t h e  IdPE h ig h  p r e s s u r e  p r o c e s s .
O th e r  m ethods a r e  c o n s id e r e d  i n  C h a p te r  8 . One o f  them , demand 
a n a l y s i s ,  i s  i n v e s t i g a t e d  a s  a p o s s i b l e  method f o r  i d e n t i f y i n g  t h o s e  
f a c t o r s  t h a t  have  s t i m u l a t e d  t e c h n o l o g i c a l  change ,.  Our work ©.n t h e  
a p p l i c a t i o n  o f  t h e s e  m ethods to  IdPE i s  d e s c r i b e d .
Chapter 7~ Production Function::.' and the measurement of Technological Chary
7 .1  P r o d u c t io n  F u n c t io n s  and Techno logy  
■7,1.1 Dconornic P r o d u c t i o n  Theory
B ased on t h e  te c h n o lo g y  a v a i l a b l e  a t  a  g iv e n  p o i n t  i n  t im e  th e  
o u tp u t  3 o f  a  p r o d u c t  can be e x p r e s s e d  i n  te rm s  o f  t h e  i n p u t s
x., . .  ,x .  . .  .x  by t h e  p r o d u c t i o n  f u n c t i o n  ' .I  i ’ m
3 .= S(x1...:ci...xm )
A s e r i e s  o f  c u rv e s  f o r  v a r y i n g  q u a n t i t i e s  o f  o u t p u t ,  i s o q u a n t s ,  a r e  
shown i n  F ig u re  1 i l l u s t r a t i n g  th e  c h a r a c t e r i s t i c s  o f  t h e  p r o d u c t i o n  
f u n c t i o n  3 = ,3 ( x p X p ) . T h i s  r e p r e s e n t s  t h e  c a s e  o f  a  s i n g l e  p r o d u c t  
p ro d u ce d  from two i n p u t s  and x ^ .  The s u b s t i t u t i o n  o f  i n p u t s  f o r  a
F ig u r e  1 I l l u s t r a t i o n  o f  t h e  P r o d u c t i o n  F u n c t io n  3 = 3(sx , X-J
s.
p a r t i c u l a r  i s o q u a n t  depends on th e  te c h n o lo g y  a v a i l a b l e  f o r  p r o d u c in g  
t h e  p r o d u c t  and can  v a ry  betw een  p e r f e c t  s u b s t i t u t i o n  and f i x e d  
p r o p o r t i o n s . • •
G iven  th e  c h o ic e  o f  v a r y i n g  i n p u t s ,  t h e  economic d e c i s i o n  o f  
s e l e c t i n g  t h e  c o m b in a t io n  v/hich g i v e s  minimum c o s t s  r e q u i r e s  know ledge 
o f  t h e  p r i c e s  o f  and Xg.
The economic th e o r y  o f  p r o d u c t i o n  i s  b a s e d  on:
a )  t h e  f i r m s  d e c i s i o n  t o  m in im ise  t h e  c o s t  o f  o u t p u t ;
b )  a l t e r n a t i v e  p r o c e s s e s  and t e c h n i q u e s  a v a i l a b l e  f o r  t h e  p r o d u c t i o n  
o f  a g iv e n  p r o d u c t ,  r e q u i r i n g  d i f f e r e n t  c o m b in a t io n s  o f  r e s o u r c e s .
The f i r s t  work on p r o d u c t i o n  f u n c t i o n s  was based, on th e  
n e o c l a s s i c a l  'or m a rg in a l  analysis a p p ro a c h ,  von T h u n en ( l8 2 o )  d e v e lo p e d  
th e  p r i n c i p l e  that t o t a l  product is m axim ised when r e s o u r c e s  a ro  
a l l o c a t e d  equimarginally. A lthough  voui Thunendeveloped.the c o n c e p t  
o f  p r o d u c t i o n  f u n c t i o n s ,  t h e  f i r s t  c l e a r  statement "of t h e  m a rg in a l  
p r o d u c t i v i t y  t h e o r y  seems t o  have  been  made by C la rk '  (1889) ,
Bdgevforth(1 8 9 1 -  1921) and V fickstead  ( 1894) .  V /ick s tead  ( l )  i s  o f t e n  
g iv e n  th e  c r e d i t  o f  o r i g i n a t i n g  th e  t h e o r y ,  using.; a  p r o d u c t i o n  f u n c t i o n ' 
w i th  c o n t in u o u s  s u b s t i t u t i o n  be tw een  a l l  f a c t o r s ,  b a l r a s ’ s work ( l 8 7 4 -  
I 889) (2 )  was b a s e d  on f i x e d  c o e f f i c i e n t s ,  w i th  o n ly  a  m en t io n  o f  
v a r i a b l e  c o e f f i c i e n t s .
I n  1939 H icks  (3) d e v e lo p e d  a f u n c t i o n  f o r  a multijjroduct, 
multifactor f i r m  w hich h a s  become a s t a n d a r d  example f o r  neoclassical 
production t h e o r y .  A com prehensive  t r e a t m e n t  o f  t h e  p r o d u c t i o n  f u n c t i o n  
u n d e r  t h e  a s su m p tio n  o f  m a rg in a l  analysis i s  g iv e n  by  Dano (4)* The
work on mi crop  rocluct i on f u n c t i o n s  c o m p r ise s  o n ly  a sm a l l  part o f  t h e
r e s e a r c h  i n  t h e  f i e l d ,  l o s t  o f  t h e  work h a s  been  on t h e  deve lopm en t 
o f  a g g r e g a te  f u n c t i o n s  f o r  whole i n d u s t r i e s  o r  econom ies .  The 
o b j e c t i v e  i n  u s in g  m ic r o -  and m a c r o fu n c t io n s  h a s  b een  to  a n a ly s e  
t h e  c o n t r i b u t i o n  o f  c a p i t a l ,  l a b o u r ,  econom ies o f  s c a l e  and a  ’ r e s i d u e ’ . 
f a c t o r  ( o f t e n  m i s l e a d i n g ly  c a l l e d  t e c h n o l o g i c a l  p r o g r e s s )  to w a rd s  
p r o d u c t i o n  o u t p u t .
7 . 1 . 2  P r o d u c t i o n  F u n c t io n s  I n c o r p o r a t i n g  T echnology
The p r o d u c t i o n  f u n c t i o n  f o r  a s i n g l e  p r o d u c t ,  Q, w i th  i n p u t s  o f
c a p i t a l ,  K , ' and l a b o u r ,  L, i s  r e p r e s e n t e d  by
Qy= f(K.L)
T h is  s p e c i f i e s  t h a t  t h e  te c h n o lo g y  u se d  i n  t h e  p r o c e s s  i s  f i x e d .  I f  
i n p u t s  and o u t p u t s  a r e  ch an g in g  o v e r  t im e  th ro u g h  t e c h n o l o g i c a l  change  
t h e n  t h i s  e f f e c t  can  be i n c o r p o r a t e d  by w r i t i n g  t h e  f u n c t i o n  as  
Q. = f ( K . L . t . )
I n  t h e  t im e  s e r i e s  s t u d i e s  t h a t  have  been  c a r r i e d  o u t ,  i t  h a s  
been  found  . th a t  t e c h n o l o g i c a l  change h a s  been  t h e  most disturbing 
f a c t o r  i n  p r o d u c t i o n  o u t p u t .
The e f f e c t  o f  t e c h n o l o g i c a l  p r o g r e s s  on th e  p r o d u c t i o n  f u n c t i o n  
i s  shown i n  F ig u r e  2 as  an  upward s h i f t  o f  t h e  c u rv e  f . The p ro b lem
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o f  m ea su r in g  t e c h n o l o g i c a l  p r o g r e s s  o v e r  t im e  i s  r e l a t e d  to  t h e  
d i f f i c u l t y  o f  s e l e c t i n g  a p o i n t  on t h e  c u rv e  f o r  c o m p a r i s o n 'w i th  t h e  
new ,s i t u a t i o n .  To overcome t h i s  p rob lem  H i c k s ( 5 )  andH arrod  (6) h av e  d e f i n e d  
n e u t r a l  t e c h n o l o g i c a l  change b a s e d  on c o n s t a n t  c o n d i t i o n s .
H ic k s '  d e f i n i t i o n  i s  b a s e d  on comparing- t h e  change i n  t h e  
p r o d u c t i o n  f u n c t i o n  f o r  a  f i x e d  K/L r a t i o  and unchange r a t i o  o f  wages 
t o  c o s t  o f  c a p i t a l  ( F ig u r e  3 a ) .  However, t h i s  i s  somewhat u n r e a l i s t i c
F ig u r e  3a H ic k s '  T e c h n o lo g ic a l  Change
hypes
a s  i n c r e a s e d  p r o d u c t i v i t y  from t e c h n o l o g i c a l  change can n o t  u s u a l l y  
be o b t a in e d  w i th o u t  a l t e r i n g  th e  K./L r a t i o .  H a r r o d 's  d e f i n i t i o n  
a l lo w s  f o r  .an upward s h i f t  i n  t h e  K/L  r a t i o  b u t  m easu res  t h e  t e c h n o l o g i c a l  
change f o r  a  c o n s t a n t  K/Q, r a t i o  and unchanged  r e t u r n  on c a p i t a l  
(M a rg in a l  p r o d u c t i v i t y  o f  c a p i t a l  c o n s t a n t ) ,  ( F ig u r e  3b)
±po
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: o r  t h e s e  s p e c i f i c  c o n d i t i o n s  t h e  p r o d u c t i o n  f u n c t i o n s  can  be 
w r i t t e n ;
a )  f o r  H icks  n e u t r a l  t e c h n o l o g i c a l  change Q. - f(A(t),K,L)
b) f o r  I ia r ro d  n e u t r a l  t e c h n o l o g i c a l  change Q = f(K,A(t)L)
The te c h n o lo g y  o f  a p r o c e s s  can be d e s c r i b e d  a s  e i t h e r  l a b o u r
o r  c a p i t a l  i n t e n s i v e ,  and t h i s  i s  shown by th e  v a lu e  o f  K/L. I n  t h e  
c a s e  o f  c a p i t a l  g row ing  f a s t e r  t h a n  l a b o u r  and w here l a b o u r  i s  t h e  
d e a r e r  f a c t o r  t h e r e  i s  a  tendency  to  r e p l a c e  l a b o u r  w i th  c a p i t a l  i n  
t h e  lo n g e r  te rm . However, t h e  company i s  c o n c e rn e d  w i th  o v e r a l l  c o s t s .  
E x i s t i n g  equipm ent u s in g  o ld  t e c h n o lo g y  w i l l  c o n t in u e  i n  u s e  even i f  
l e s s  e f f i c i e n t  t h a n  t h e  l a t e s t  m odels ,  u n t i l  t h e  c o s t  o f  u s in g  th e  
o ld  e q u ip m e n t .e x c ee d s  t h e  c o s t  o f  i n s t a l l i n g  and o p e r a t i n g  t h e  new 
equ ipm en t.
I n  an i n d u s t r y  with a l a r g e  s to c k  o f  c a p i t a l ,  b a sed  on w e l l  
e s t a b l i s h e d  t e c h n o lo g y ,  s h o r t  te rm  i n p u t  p r i c e s  w i l l  n o t  im m e d ia te ly  
b r in g  abou t t e c h n o l o g i c a l  p r o g r e s s  i n  t h e  form  o f  newly i n s t a l l e d  
equ ipm en t.
7 . 1 . 3  The Cobb D ouglas  P r o d u c t i o n  F u n c t io n
The.Cobb D ouglas  p r o d u c t i o n  f u n c t i o n  (7) -  shown below -  h a s  b e e n  
u s e d  i n  many s t u d i e s  t o  d e te rm in e  t h e  e f f e c t  o f  t e c h n o l o g i c a l  change
o v e r  t im e  on i n d u s t r i a l  o r  n a t i o n a l  o u t p u t :
Q =
Q -  o u tp u t  o f  p r o d u c t  from  i n p u t s  o f  c a p i t a l  K', and l a b o u r  L.
c< and £  e l a s t i c i t y  o f  o u tp u t  w i th  r e s p e c t  t o  c a p i t a l  and l a b o u r .
A u s e f u l  c h a r a c t e r i s t i c  o f  t h e  f u n c t i o n  i s  t h a t  t h e  e l a s t i c i t y  
o f  s u b s t i t u t i o n  betv /een  th e  i n p u t s  i s  one . T h is  i s  a  m easure  o f  t h e
p e r c e n ta g e  change i n  l a b o u r  i n p u t s  t o  p e r c e n ta g e  change i n  c a p i t a l  
i n p u t s  i n  r e s p o n s e  t o  change i n  t h e  r e l a t i v e  p r i c e  o f  i n p u t s .
Elasticity of substitution, a*
As <T* =1  i n  t h e  Cobb D ouglas  f u n c t i o n  th e  r a t i o  o f  wages t o  r e t u r n  
on c a p i t a l - w i l l  rem a in  c o n s t a n t  and th e  averag:e c o s t  o f  o u tp u t  w i l l  
rem a in  t h e  same f o r  a l l  l e v e l s  o f  o u t p u t .
The f u n c t i o n  i s  c o n t in u o u s  w i th  c a p i t a l  a n d l a b o u r  b e i n g ' 
s u b s i : t u t i b l e  a t  a l l  l e v e l s  o f  i n p u t .
7 . 1 . 4  Measurement o f  T e c h n o lo g ic a l  Change -  D isem bodied Models
A f t e r  t h e  second  World War c a p i t a l  was g row ing  a t  a f a s t e r  r a t e  
t h a n  l a b o u r  i n  t h e  d e v e lo p e d  c o u n t r i e s  and t h e  c o n s i d e r a b l e  i n c r e a s e  
i n  p r o d u c t i v i t y  was a s s o c i a t e d  w i th  t h e  i n c r e a s e d  K/L r a t i o .  However, 
t h e  e f f e c t  o f  t e c h n o l o g i c a l  change was n o t  e x c lu d e d .  S t u d ie s  were 
c a r r i e d  ou t  t o  d e te rm in e  t h e  e f f e c t  o f  n e u t r a l  t e c h n o l o g i c a l  change 
on i n c r e a s e d  p r o d u c t i v i t y  n o t  e x p la in e d  by p r o p o r t i o n a l  changes  i n  
i n p u t s .
I n  1956 M osses and Abram ow itz  (8) found  t h a t  t h e  i n c r e a s e d
p r o d u c t  p e r  c a p i t a  i n  t h e  U .S . was a s s o c i a t e d  w i th  som e th ing  o t h e r  t h a n
l a b o u r  and c a p i t a l ,  s u b s e q u e n t ly  c a l l e d  t h e  r e s i d u a l .  F o l lo w in g  t h i s
work more was done on t h e  r e s i d u a l  and D en ison  (9) c o n s id e r e d  t h e
components o f  t h e  r e s i d u a l  and t h e i r  e f f e c t  on economic g row th .
One o f  t h e  f i r s t  e c o n o m is ts  t o  m easure  t e c h n o l o g i c a l  change by
d i r e c t l y  e s t i m a t i n g  a p a r t i c u l a r  p r o d u c t i o n  f u n c t i o n  was J a n  T im bergen  ( 1 0 ) .
He u s e d  th e  Cobb D ouglas f u n c t i o n  t o  m easure  n e u t r a l  t e c h n o l o g i c a l
p r o g r e s s ,  which he c a l l e d  a  r i s e  i n  e f f i c i e n c y .  Pie s t a t e d  t h a t
p r o d u c t i v i t y  c o u ld  be i n c r e a s e d  f o r  t h e  same i n p u t s  o f  l a b o u r  and
^ tc a p i t a l  and he i n t r o d u c e d  t h e  te rm  e t o  a c c o u n t  f o r  t h e  i n c r e a s e d  
o u t p u t .  The m o d if ie d  p r o d u c t i o n  f u n c t i o n  u se d  was
Cl = AeM  K* i f  (I)
b a s e d  on in d e x  v a lu e s  o f  Q, IC and L a t  t  = 0 . U s ing  v a lu e s  o f
= 3/4 and at. = 1 /4  a s  found  by D o u g la s ,  he  u se d  t im e  s e r i e s  d a t a
( i )  4= ^  =-1  i n d i c a t e s  c o n s t a n t  r e t u r n s  t o  s c a l e .
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f o r  Q, K and L t o  f i n d  X  from  t h e  f o l l o w i n g  e q u a t io n
I I !
Q,_k = + X t  +tA _ t h e  l o g a r i t h m i c  form  o f  ( l )
Solow ( l l )  u s in g  T im b e rg e n 's  method e s t i m a t e d  t h e  e f f e c t  o f  
n e u t r a l  t e c h n o l o g i c a l  p r o g r e s s  on t h e  U .S . economy o v e r  t h e  p e r i o d  
1909r 49• He found  t h a t  o v e r  t h e  f i r s t  20 y e a r s  t h i s  e f f e c t  was 
a p p ro x im a te ly  1;.' p . a .  (h - O .Ol) and f o r  1929-49 a p p ro x im a te ly  2$ p . a .
( h -  0 . 0 2 ) .  Solow c a l l e d  t h i s  ty p e  o f  t e c h n o l o g i c a l  p r o g r e s s  
d ise m b o d ie d ,  i n c r e a s i n g  y e a r l y  r e g a r d l e s s  o f  c a p i t a l  and l a b o u r  
i n p u t s ,  and n o t  a f f e c t i n g  t h e  m a r g in a l  r a t e  o f  s u b s t i t u t i o n  o r  t h e  
i n p u t  r a t i o s  o v e r  t im e .
However, t h i s  model does  s u g g e s t  an  ex trem e  form  o f  t e c h n o l o g i c a l  
change as  many new p r o d u c t s  and p r o c e s s e s  r e q u i r e  t h e  a d d i t i o n  o f  
c a p i t a l .  I n  t h i s  c a s e  t e c h n o l o g i c a l  p r o g r e s s  i s  embodied i n t o  new 
m ach inery  and equipm ent and can  o n ly  t a k e  p l a c e  w i th  c a p i t a l  a c c u m u la t io n .
7 o105 M easurement o f  T e c h n o lo g ic a l  Change -  Embodied Models
Solow (12)  h a s  p r e s e n t e d  a Cobb D ouglas  model w hich  assum es t h a t  
t e c h n o l o g i c a l  p r o g r e s s  i s  t a k i n g  p l a c e  th ro u g h  t h e  a d d i t i o n  o f  new 
c a p i t a l .  T h is  assum es t h a t  t h e  new te c h n o lo g y  o n ly  a f f e c t s  t h e  
e f f i c i e n c y  o f  t h e  c a p i t a l  a t  t h e  t im e  o f  i n s t a l l a t i o n ,  and does  n o t  
im prove t h e  o p e r a t i o n  o f  e x i s t i n g  c a p i t a l .
C o n s id e r in g  t h e  o u t p u t ,  Q, a t  t im e ,  t ,  u s in g  c a p i t a l  i n c o r p o r a t i n g  
te c h n o lo g y  o f  some s p e c i f i c  t im e ,  v i n t a g e  v ,  and l a b o u r  L, t h e  
p r o d u c t i o n  f u n c t i o n  can  be w r i t t e n  a s
Q (t , .v )  = Ae^V K ( t , v )  L ( t , v )
L ( t , v )  -  l a b o u r  i n p u t  a t  t im e  t  r e q u i r e d  t o  o p e r a t e  c a p i t a l  o f  
v i n t a g e  v a t  t im e  t - , K ( t , v ) .
I f  c o n s t a n t  r e t u r n s  t o  s c a l e  a r e  s p e c i f i e d  t h e n  th e  c o e f f i c i e n t s  
a r e  such  t h a t  c*. + = 1 , w hich  m o d i f i e s  t h e  p r o d u c t i o n  f u n c t i o n  t o
Q ( t , v )  = Ae*V K ( t , v ) ^  ^ L ( t , v ) ^
The o u tp u t  w i l l  o f t e n  be made up o f  equ ipm ent o f  d i f f e r e n t  
v i n t a g e s  and  a g e n e r a l  f u n c t i o n  can  be  o b t a i n e d  i n c o r p o r a t i n g  c a p i t a l  
o f  v a r y i n g  v i n t a g e  assum ing  t h e  e x p o n e n t i a l  d e c ay  o f  c a p i t a l  a t  S p . a .  
C o n s id e r in g  t h e  g r o s s  in v e s tm e n t  i n  y e a r  v o f  c a p i t a l  embodied 
t e c h n o lo g y  o f  v i n t a g e ,  l ( v ) ;  t h i s  can  be w r i t t e n  a s  K ( v ,v ) ,  c a p i t a l  o f
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vintage v and time v.
Assuming a d e c a y  of & per year, at time .t (t> v), thx capital
£ ft—v)
of vintage v will have reduced to K(ty) = K(vy)e ' '
1 _/ s &(t-v)= I(v je x '
The output Q(t,v) from the capital of vintage v vd.ll he
, , / x \  , Xv f  T /  \  S(t-v)-] l-^ / d ^A(t,v) = Ae (_ I(v)e v 'J L(t v)
for constant returns to scale.
The output from the total effective capital at time t, J^(t),
can he written as
w^t) = A J^(t) L(t)
. tf /‘if
where JN(t) = l(v)e ' ^  <^v
In the work using this model with time series data, the coefficients
are fixed for all vintages and no allowance is made for possible 
variation over time. A further criticism is that the model decays 
capital slowly with the associated reduction in labour. In actual 
practice a machine is either in use or not; being operated fully 
until it is finally scrapped, and similarly the labour input will
not alter until the equipment is scrapped.
As the Cobb Douglas function is continuous, with an elasticity 
of substitutioncf one, this allows continuous substitution between the 
inputs. In fact once machinery and equipment has been installed there 
is little scope for varying the capital and labour inputs, and it is 
only at the design stage where sizeable substitution is possible.
This situation of varying substitution before and after a plant has been 
built has been referred to as ’ exante and expost’ (13) or ’putty 
and clay1 (id).
7,1*6 The C.S.S. function and the Measurement of Technological Change 
The limitations of the Cobb Douglas function has led to the 
use of models which allow varying degrees of substitution between the 
inputs. The extreme case of zero elasticity is given by using the 
Leontief model, employed in input-output analysis.0-5) Another type 
the C.2.S. function, was derived independently by two groups,
Arrow et al (16) and 3rown-de Cani (17)* This is written as
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c: = a [^K P +(!-=<) L p3
where the elasticity of substitution G~, is related to p by 
cr - l/-^  •" fdkis the fraction of income going to capital^)
This function can be used to measure the effect of technological 
change on output in a similar way to that used in the Cobb Douglas 
function, . An exponential time trend can be incorporated into the 
function to account for disembodied technological change,
Q. = AeM [cAK“p + (l-*) L_PJ -1/p
similarly vintage models can be constructed where capital is 
weighted for embodied technological change.
However, the non-linear form of the C.E.S. function makes handling 
difficult as it is not possible to estimate the coefficients'by 
least squares estimation of the logarithmic form, as with the 
. Cobb Douglas,
7c 2 Production Function in the Measurement of Technological Change - 
Literative Survey.
7.2.1 Disembodied Technological Change
Solow (ll) used the Cobb Douglas function to show that in the 
period 1919-1959 nine-tenths of the increased productivity was accounted 
for by technological change, the remainder being due to capital. A 
similar result was found by Massell (l8). The U.S. farm sector was 
analysed using Solow’s method by Lane (19) and this work also showed 
that the increased productivity was due to technological change.
Solow's' method assumed constant returns to scale and the absence 
of non-neutral technological change. Both Massell and Solow’s results 
quantified the ’implications of an untested assumption that technological 
change is neutral' (20). Resek (2l) also commented on the problem 
of neutral technological change.
Following Timbergen's introduction of a multiplicative trend 
term to account for neutral technological change, more elaborate 
work (22) was done in attempts to estimate this effect.
This simple approach to technological change represents technical 
knowledge as falling like manna from heaven. However, it has been
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stated that capital accumulation and technological change influence 
each other in such a way as to make separation of the two impossible,
Kaldor stated-’The use of more capital per worker  inevitably
entails the introduction of superior techniques which require 
inventiveness of some kind,’ (23)
7.2,2 Disembodied and Embodied Technological Change
Models incorporating a mixture of embodied and disembodied •
Av+^ttechnological- change have been used with an exponential term, e ^ 
v/here both X and g have been estimated, (24*25)
Darglas in his paper (26) tested three hypotheses that suggested 
at least part of the observed technological change is related to the 
rate of investment.
Hypothesis 1 - Technological change is a function of time, 
independent of any economic variable but its effect on production 
will depend on investment.
Hypothesis 2 - Technological change is a function of cumulative 
investment but need not be embodied into capital goods.
Hypothesis 3 - Technological change occurs through being embodied 
in capital goods.
The three models were tested against one in which technological
change was not embodied in capital and is a function of time.
Intrilgator (27) measured disembodied and embodied technological 
change jointly taking account of improved quality of labour and 
capital. A Cobb Douglas, constant returns to scale, function was 
used with a term included to take care of cyclical effects in the 
economy. The actual output Y(t) is related to potential output P(t)
■by Y(t) = e(t+ou+duPp(t)
The potential output from the capital, J(t) and labour, M(t) is
P(t) = Aeht j(t)C<M(t)1“^
and thus Y(t) = .e(l3+cu+du ) Aext j(t)* l^t)1^*
The production function was estimated in the form
log Y = b + cu + du^ + log A + <* log J_ + Xt
M ■ M
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The best model v/as obtained from unweighted labour and capital weighted 
4> p.a. and disembodied technological change at 1.67/• p.a.
Solow (12) (1959) using Y(t) = AJy^tj* L(t)1-0\ and taking 
c* = 0.25 and depreciation & = 0.04, estimated that ^ - 0,025 for the 
U.S. economy over the period. This represented embodied technological 
change improving capital at the rate of 2,|$ p.a.
Solow (12) demonstrated that embodied technological change can 
be incorporated in a C.E.S. function but did not deal with disembodied 
technological change in this model.
7.2.3 C.E.S. Functions and Technological Change
McCarthy (28) considered embodied and disembodied technological 
change using a C.E.S. function.
The advantage of the C.E.S. function over the Cobb Douglas function 
is that the influence of embodied and disembodied technological change 
can be separated. In the Cobb Douglas production function the 
elasticities of labour, 1-«A , and capital,©A , are not affected
Ci(-t) - A J(tf* L(t)1-'*'
by embodied technological change. However, in the case of the C.E.S.
cX, /
function the ratio of the elasticities, /»-o< , is influenced by 
embodied technological change.
Therefore technological change embodied in capital will affect 
the marginal products of capital and labour and except in the Cobb 
Douglas models this technological change will be non-neutral. The 
marginal rate of substitution of labour for capital can be expressed as:-
i) for Cobb Douglas functions ~ 10 to -
d/^ V<. L T
ii) for C.E.S. functions L _ t -<* (^\ ^
I
where r-F - ( V ^  The C.E.S. form for p = 0 reduces to the expression
for the Cobb Douglas function, equation (i) above.
It is also possible to state the output per labour unit as a 
function of the marginal product of labour and an exponential term 
accounting for disembodied technological change,
7o2.4 Engineering Production Functions
In the development of a production function it is assumed that 
the inputs have been selected based on the best technology available. 
Therefore technical decisions have been made before the final 
production inputs have been selected,
A model can be constructed, from purely technical data, for 
example the output of a chemical product ,y from the reactants x^, Xg 
y = f(xi,x2).
Some studies have been carried out in this field where a 
particular technology has been analysed by economists and technologist 
working together. Some examples are gas transmission (Chenery) (30), 
heat transmission, steam power production, filtration, batch chemical 
reactor processes (Smith) (31).
7*3 Production Functions - Experimental 
7.3*1 System and Objectives Studied
The effect of disembodied and embodied technological change on 
the production of IdPE in the U.K. by the high pressure polymerisation 
of ethylene has been investigated using various production functions.
7*3.2 Data
Year end values of production capacity (tons/y), capital (£/y), 
and labour (men/y), have been used. (Table l)
1. Output. The total year end production capacity has been 
obtained by adding individual company capacities. These Y/ere obtained 
from the January issue of British Plastics and confirmed wherever 
possible by the producers.
2. Inputs, a) Capital. Total capital for each year was obtained 
from estimates of individual company capital. Collection of accurate 
capital figures is beset with difficulties and although the data used 
was the best available, it is realised that it will contain errors.
In many cases the company will not be able to present a definite
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capital figure for their IdPE plant. On a multiproduct site, where 
services are shared, it will he difficult to allocate exactly the 
capital "being used hy the product in question. This is particularly 
relevant to IdPE where the process requires large quantities of 
electricity.
Initially the IdPE plant may use a supply from the local electricity 
generating hoard hut as additional production units are added it will 
become economic to instal an onsite generating unit. At that point 
unit capital costs may show a sudden increase, and if capital cost 
figures for additional production facilities and power generation 
are reported in one figure, this can hide any technological change 
incorporated in the new production capital.
Apart from major expansions of IdPE production, involving capital 
in the order of millions of pounds, technical and cost improvements 
are obtained from minor capital projects requiring much smaller sums 
of money. Expenditure on plant debottlenecking, solvent recovery or 
effluent disposal could fall into this category.
Without access to company accounts capital figures for minor 
projects are not obtainable.
Bearing these particular problems in mind, the producers have 
been helpful in providing capital figures or advice so that reasonable 
estimates could be made,
Monsanto. The company provided information on capital and 
capacities with comments on debottlenecking.
B.X.L. Some information was provided by the company, other data 
fromE.C.N. plant data sheets.
Shell. Bo figures were available as the facilities are part of 
the Carrington petrochemical complex, and the company stated accurate 
figures could not be provided. As Shell use the same process as 
Monsanto similar capital figures were used,
I.C.I. Bo figures were available from the company and therefore 
estimated figures were used based on private communications and E.C.H. 
plant data sheets for the same process over a wide range of plant sizes.
The total capital figures have been revalued to a i960 base using 
the wholesale price index for home sales with 1960= 100.
Depreciation was calculated at 10$ of outstanding capital at the
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end of each year, e.g.
hew capital installed in year v, l(v)
Remaining capital from this investment of l(v) in year t
K v ^ - h t - v )
The depreciation figure deducted each year was assumed to he 
reinvested the following year, so as to provide a smooth capital 
input for a corresponding production output. (Table- 2)
b) Labour, Plant manpower/year for a four-shift system for 
varying sized production units has been based on data presented at 
the IS--64 Tehran Conference and private communications. This is diown' 
for the years under study in Table 1.
7*3*3 Data Handling
The input-output data is shown in Table 1 for the years 1959“1970* 
Column t shows the number of years from 1959? t = 0. Actual values 
and index values are given for men/y (L), production capacity, 
tons/y (q) and total capital (i960) values (J )• Values of capital,
Jn , Jn m , Jr __ have been calculated based on technological change 
embodied in new capital at the rate of 1)1,9 3/ and 5? P*y* For example, 
for new capital investment in year v, l(v), the effective new capital
will be l(v)e , where V is the yearly rate of change of embodied 
technological change.
The total effective capital at any time t, for embodied technological
7*3*4 Types of Production Function Considered
As the IdPE production process is capital intensive it would 
perhaps seem reasonable to assume the capital and labour ratio remains 
fixed. The.elasticity between inputs has already been discussed and 
at the planning and design stage there is a choice of input ratios 
but .once the plant has been built there is only limited scope for 
variation. With this in mind the data has been fitted to a range of 
production functions with elasticity varying from 1 (Cobb Douglas),
0.5 and 0.1 (C.E.S. function) and zero (fixed coefficients, Leontief).
> v
change of V p.y. is given by
is the capital invested in year v(t>v).
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Table 2 Effective Capital for Different Rates of Embodied Technological 
Change
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The e f f e c t  o f  t e c h n o l o g i c a l  change i s  c o n s id e r e d  a s  t a k i n g  p l a c e  
i n  embodied .and d ise m b o d ie d  fo rm s .  The e f f e c t  o f  d ise m b o d ie d  t e c h n o l o g i c a l  
change i s  shown by  i n c l u d i n g  an e x p o n e n t i a l  t r e n d  te rm  i n  t h e  
p r o d u c t i o n  f u n c t i o n .  The e f f e c t i v e  i n c r e a s e  i n  t h e  v a lu e  o f  ca .p it .a l  
th ro u g h ,  embodied t e c h n o l o g i c a l  change a c t i n g  on c a p i t a l  h a s  a l r e a d y  
b e e n  c o n s id e r e d .
i )  Cobb - D o u g la s .  The Cobb .Douglas f u n c t i o n  was u se d  i n  t h e  
f o l l o w i n g  two fo rm s
V ,  - ii-V,.)1- ' - (1)
(2)
I n  l iq u a t io n  ( l )  t e c h n o l o g i c a l  change i s  embodied i n  c a p i t a l  ( d )  and 
i n  E q u a t io n  (2 )  i n  d ise m b o d ie d  form  ( e* ^ ) .
Constant returns and economies of scale -were invesxigated by. 
putt inc. +f=l and * +#1. Chen +§=1^Equations (l) and (2) 
reduce to
(3 )
g L = Ae * ( J / P 1^  (4 )
V a lu e s  f o r  A,<*, and ^  v/.ere o b t a i n e d  from  l e a s t  s q u a re s  r e g r e s s i o n s  
on th e  l o g a r i t h m i c  form  o f  E q u a t io n s  ( 1 ) —•(4) • I n d e x  v a lu e s  o f
Q, J and 1 were used*
(d/L) • I (J/L) = k
o ’ = A’ + ( * * + £ -  l ) J ! + ( l - ^ ) k '  (5 )
q,» = A’ + A t  + (<* + 1)J« + ( l ~ * ) k ! (6 )
q« = A1 + ( l - * ) k »  (7 )
q 1 = A1 + X t  + (!-<=<) k ' (8 )
Kesults of the regressions are shown in Table 3? with confidence 
levels of the regression coefficients, Durbin V/atson Statistic and TV".
33
For constant returns to scale, + P»=l, the best R” values are
given by the four functions incorporating embodied technological
chan.ge. Except for the function incorporating embodied technological
change at 5',- p.y., the other three functions show negative autocorrelation
at the 5'/' level as measured by the Durbin V/atson statistic. However,
2these three functions have a higher R value than the function showing
(i) See Appendix 4 for complete print out of results
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no autocorrelation (R" = O.762). The regression coefficients for
this function are significant at the 5$ confidence level.
For the regressions without the constraint of constant returns
to scale only those without disembodied technological change
had regression coefficients with significant values at 5$ or less.
All the regressions showed negative autocorrelation, high values for 
2R and increasing returns to scale.
ii) C.E.S. Function. This function enabled the effect of smaller 
elasticities of substitution to be examined.
< „
elasticity of substitution cr - ^1+p
e*^ - term for disembodied technological change 
v - measures the effect of returns to scale.
Putting I = l-<=4 + o<_ , Equation (9) can be written as 
Lp KP
<f p = Ae~p M  Iv
The effect of embodied technological change in capital is 
incorporated in the values for J as in the Cobb Douglas functions.
Two forms of the C.E.S. function were tested:-
Q”P =A'IV (10)
r-]j , -pXb _v s
0 - =.Ae.‘ 1 (11)
disembodied technological change being excluded from (lO)., Values for
I were calculated based on data for L and J, and assuming; a value for
= 0.10 (from the Cobb Douglas regressions). Index values for Q,
J and L were used. Equations (10) and (ll) were regressed in their
logarithmic form by least squares to provide values
for A, V  and v, with p=l (<r=0.5) and (<r=0.l), The results of the
(i)
regression are given in Table 4? with confidence levels of the
2regression coefficients, Durbin '.;atson statistic and R . All the
9
regressions had high R values out only the regressions excluding 
disembodied technological change had regression coefficients with 
significant values. Of these eight regressions only one P"=0.5, 
embodied capital at p.a.) had a Durbin ftatson statistic (1.34)
(i) See Appendix 4 for complete print out of results
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that indicated no autocorrelation. The value of v = I.O667 showed 
the action of slightly increased economies of scale.
iii).Fixed Coefficients. Two production functions with fixed 
coefficients were considered. Least squares regression gave values 
for the constant •
;./L = a * gt (12)
q/., = A + ht (13)
terms A, g and h,
q/ l - 1 .0 2 9 6  + o.oo56t r2 = 0.671 (14)
.2
Q/r = 0.9372 + 0.06l4t r " = 0.933 (15)iv
The regression coefficients were significant, .at 5$ and the Durbin V/atson 
statistic showed no autocorrelation. The t term can he considered as 
indicating technological change through increased productivity of 
labour and capital. The results show that over the period considered 
the efficienc'y of capital has increased at a greater rate than labour.
iv) Modified Cobb Douglas. A production function based on yearly 
changes of the output and inputs has been considered.
A  Q = A Ah Al (16)
A Q = Ae A IC AL (17)
However, this function is not identical to the Cobb Douglas function 
as shown as follows
o< ^
.0, r AQ = A(R +AK) (L + AL) (l$)
= K L  A K +  .---4.0* K.-Afc +
£ L , A L +  + fcL,AL + &L. J — 9  (19)
Expressing Q, in the Cobb Douglas form and substituting
A Q  = .___+■ E L* 4 ----------- - (20)
= g t>.. -+ ***] -  + a l bJ (21)
9*, Ai. + < 1 ^ ^  + a v F a i F  (22)
For the function A q = A ir A'L to be similar to the Cobb Douglas 
form, the terms within the bracket in (22) must be very small, and 
this is not the case.
Least squares regression on the logarithmic form of Equations
(l6) and.(17) gave values for A,Xg< and . These results, with
confidence levels of the regression coefficients, Durbin v/atson
2 (i) 2
statistic and R values are given in Table 5» 'Although the E^ v 
were satisfactory, neither confidence levels nor Durbin . atson 
statistics were acceptable.
The regression analyses were carried out using the ICL 1900 
Series Statistical Analysis System MK2 applications package - 
Multiple Regression Analysis. ICL Technical Publication 4162,
2nd edition, 1969.
(i) See Appendix 4 Tor complete print out of results
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Table 5 Kesults — Modified Cobb Douglas Functions'
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Production Functions ~ Interpretation
The effects of capital, labour and technological 
change on the growth of the U.K. production facilities 
for the polymerisation of ldPE have been investigated.
If the contribution of the three components in this 
growth period (1959-1970) can be analysed, the results 
should provide some guidance for planning future 
expansions.
It was decided to use various forms (four \\7ere 
tried) of production function for the analysis of the 
type
Q = f (t , K , L)
where the production output in tons/year, Q, is related
to the inputs, labour, ^ men/year, L,^ capital ,^£/year,
and technology. A difficulty arises in dealing with a
period of time in which rapid technological change is
taking place, is that it may not be possible to obtain
a single equation that completely specifies the period.
From the detailed discussion in Chapter 6 of the
advances that have been achieved in the polymerisation
process, it can be seen the most important factor to
account for in these production functions is the effect
of technological change.
For purposes of analysis this has been assume to be
taking place in one of three ways
(i) Technological change is raising the
productivity of capital and labour at
the same level, at- some fixed exponen-
ttial rate over time. Q = e f(K,L), 
where the effect of technological 
change is represented by e . -This ■ 
effect will raise the yearly output 
of polymer, even when capital and 
labour inputs are not changing. Such
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effects can be related to the effects 
of better management, the learning effect 
on the plant, better labour relations, 
improved safety practices
(ii) The effect of technological change being 
incorporated in the design of new 
capital facilities leading to a more 
efficient plant. This method is the 
embodying of technological change in 
capital. Unless additional capital 
equipment is installed technological 
change cannot take place.
(iii) The effect of technological change 
taking place by both processes - 
(i) and (ii).
The production functions incorporating each of these 
possibilities have been examined to investigate if 
technological change has been by one of these methods.
For the four types of production function investi­
gated •
(a) Cobb Douglas
(b) Constant Elasticity of Substitution (C.E.S.)
(c) Modified Cobb Douglas
(d) Function with Fixed Coefficients
we have attempted to fit our eleven years of data for 
Q, K and L into a specific form - rather like forcing 
IdPE into a mould. However, some change of shape has 
been allowed for the introduction of technological 
change into the function.
As the Cobb Douglas production has been successively 
used in macroeconomics and for estimating technological 
change at the national level, it may seem inappropriate 
for use in a very narrow microeconomic situation.
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However, from our results this function has been more 
successful than the C.E.S. equations or modified Cobb 
Douglas. Comparing the results from these three types of 
functions (Tables 3, 4 and 5) the only significant 
result is for the Cobb Douglas function C .D . 7 . This 
equation incorporates technological change in both 
embodied (5%. P.Y) and disembodied (0.08% P.Y.) forms.
The actual meaning of this result and the statistical 
reasons for its acceptance compared to the other equations 
will be given in the following section.
The important difference, between the C.D, and C.E.S. 
functions is that the elasticity of substitution for the 
C.D. function is 1, whereas a C.E.S. function can take 
any selected fixed value. In our investigation we used 
two basic C.E.S. functions, with = 0.1 and 0.5.
The property that <? = 1 gives to the C.D. function 
is such that a production process fitting this specifi­
cation will substitute capital for labour, or labour for 
capital, such that the change in the ratio K/^ will be
proportional to the change in the productivity of lab o u r -
to capital. The ratio of the productivities in the case
of perfect competition at equilibrium conditions will be
equal to the ratio wage rate This ratio is also
return on capital* 
known .as the rate of marginal substitution. Therefore
any change in wage rates-return on capital ratio will
result theoretically in a change in the K/^ ratio.
Therefore under these conditions, the correct value of
capital and labour to select for a given output will be
determined by the wage rate and return on capital and
any disequlibrium will be restored by adjusting K/^.
At the extremes of elasticity of substitution between 
two inputs, are the cases of ^  = 0 and **> . If a
process can only operate using fixed amount of capital 
and labour, such that the ratio of K/^ is the.same
regardless of output, then however much the values of
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wages and the cost of capital alter, no effect will be 
made on the K/^ ratio. This is the case of a production 
function with fixed coefficients. At the other extreme 
consider a process that can operate just as well on one 
input as the other. There is nothing to choose between 
them. In this case a small change in the price of either 
of them will bring an immediate complete substitution 
of the dearer input.
These concepts of elasticity of substitution can 
be examined with reference to the operation of a 1'dPE 
plant. Once a plant has been designed and is in operation, 
Q, K and L are fixed. Changes in the cost.of labour and 
capital will not have much effect on the existing K/^
ratio, and if at all3 only in a minor way. The elasticity 
will be almost zero. However price and technological 
changes will affect the design and operating conditions 
of the plant at the design stage. Although the K/^
ratio may not vary too much between successive plants, 
elasticity fairly small, over a longer period, particularly 
if one of considerable technological change, the K/L
ratio will change.
Based on this assumption it would seem reasonable 
to use a production function with a greater elasticity 
for examining technological change over a moderate period 
of time. Therefore our finding of a significant 
equation with cr = 1 does support this idea. The 
equations restricting substitution (C.E.S. <3** = 0.5 and 0.1) 
did not provide satisfactory results. A further test 
would be to examine the C.E.S. form using a shorter time 
period than twelve years.
The examination of the C.D. and C.E.S. functions 
have provided one equation in which technological change 
is incorporated in embodied and disembodied form. The 
major effect of technological change has been through
the development of improved capital equipment. This is 
shown as a 5% p. y. increase in the effectiveness of 
new capital. This means that at constant money values 
the productivity of capital invested this year in new 
plant is 5% higher than that installed last year. In 
addition to this, disembodied technological change has 
accounted for a further 0.08% increase in output p.y. 
without additional inputs. This equation is expressed 
as
' ' '0.008t ^0.18 T 0.82Q = A e K L
with = 0.762, D.W. = 1.62 (no autocorrelation) and
the coefficient values significant at the 5% level*
The high R indicates that the residual variation is
small, in fact 76.2% of the variation is explained by the
regression. The values of the coefficient show the
elasticity of the input with respect to the output. For
example, a 1% change in the capital input leads' to a
0.18% change in the output. Remembering that the input
and output data was converted to index values,(Q = 100
= 112,000 t / y ^ K  = 100 = S s d . l m y L  = 100 = 204 men y,
a 1% change in capital is £530,000 and a 0.18% change in
output is 202 t/y. Similarly a 1% change in labour will
lead to a 0.82% change in output, or 9.18 t/y. Two
points should be made with reference to this result.
Firstly the form of the production function does not
allow for a change in the values of the coefficient over
the period 1959-70. They are average figures obtained
from the regression analysis. Secondly it appears that
output is more sensitive to labour than capital inputs.
This does show'up the weakness of using a production
function that allows moderate substitution between capital
*The value of the t statistics for the coefficients are 
such that the null point hypothesis of ’coefficient value 
can be rejected with a 5% risk of being wrong).
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and labour but one has to accept this if the effect 
of rapid technological change is to be built into the 
model.
A particular difficulty that has arisen in this
work is autocorrelation and multicollinearity. The problem
of collinearity is shown in the results of the C.E.S.
function (Table 4) where all the equations have high 
2
R . This shows that the inputs of capital and labour 
are very highly correlated and their separate effects 
on output have not been separated under the conditions 
of smaller elasticity. Obviously there will be some 
correlation between the ' inputs and by using aggregated 
time series data there will be a tendency to strengthen 
the relationship. What would be ideal would be to 
use cross sectional data to explore the changing 
relationship between K and L over time, and to obtain 
an independent relationship thatteuld be used to break 
the multicollinearity in the time series. However the 
limited data does not enable this cross sectional study 
to be explored. The effect of investigating a shorter 
time span with the C.E.S. function has already been 
mentioned. \
Of the other two forms of production function used 
the results on the modified Cobb Douglas function 
confirmed that this relationship, based on yearly 
incremental changes in the outputs and inputs, was not 
satisfactory in explaining the technological change in 
ldPE production. As a Cobb Douglas production has been 
found satisfactory, this modified form would not be 
expected to fit (page 174).
The fourth type of production function investigated 
is of a simple form exploring the relationship of 
changing productivity of capital or labour against time.
This is an attempt to obtain a simple trend expression 
and does not include the economic significance of 
elasticity as in the C.D. and C.E.S. types. The results
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indicated the increasing effect of technological change 
on capital inputs compared to labour. The values for 
improved capital and labour productivity are average 
figures for the twelve years and though the explained 
variation was high, it cannot be assumed that these 
equations can be used with confidence to explore future 
periods.
For forecasting purposes the behaviour of the con­
stants A, g and h over time is required. For this
Q/k = A + gt
Q/L = A 1 + ht
purpose a longer time period is required which can be 
broken down into shorter periods for investigation.
o
However, even if a further term, say + pt could be 
added it is not likely that such a simple expression 
can be used for periods over five years, particularly 
if the rate of technological change is uncertain or 
fluctuating.
How useful is the best fit Cobb Douglas equation 
for forecasting purposes? What assumptions are necessary 
in forecasting the output for some time in the future, 
t^. Using the logarithmic form of the equation,
Q 1 = A 1 + ^  + ( 1 - )L^ +)st£, Q£, the output
at time t£ can be obtained. This assumes the coefficients 
remain the same in the future as in the past and that 
the embodied and disembodied rates of change remain at 5.1
and 0.08% p.y. This will enable a comparison to be made
of the output using capital and labour inputs at time t, 
to the output available from the same inputs at time t-£. 
Once again, as unchanging values of and > are used, 
it would be unwise to use the equation for periods of 
more than five to ten years ahead, even with the elasticity 
of substitution at unity.
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Chapter 8 Other Methods of Measurement
8*1 Cost Functions
As stated in Chapter 7 the production function for a single 
product process can he expressed in terms of the output 2 and inputs
Depending on the production function and the cost of inputs, the cost 
function can take various forms.
For a particular value of X, the cost equation will he
G = > C.X. + F where C. is the cost of the X. input. 
i=l 1 1
In the ahove cost function a constraint is placed on output hy 
one of the inputs, in this case F. This leads to the typical short 
run curve of economic theory, which shows a steep rise in average costs 
following a minimum. If the short run average cost (SRAC) curve's 
for a series of plants of increasing size are plotted, if increasing 
economies of scale are operating, the minimum average cost will fall 
as the output is increased. The envelope curve to the SKAC is known 
as the LRA.C curve (Figure l), although a more accurate term is scale up
I — «... .... /
The cost function for the process is then
C = C(z) + F where F represents a fixed cost in the production
IT
Figure 1 Typical SEAC and LRAC Curves
curve. The cost function in this case is C = G‘(Z). The actual shape
of the scale up curve can he found by empirical studies on specific
products, processes or industries. For continuing’economies of scale, 
L-shaped scale up curves will be found but if this is not the case, 
then the shape 7/ill be of a U form. (Figure 2)
Figure .2 Different Forms of LRAC curves
Then comparing the unit average cost of a product from varying 
size of plant the assumption made is that the plants were built at 
the same time and hence incorporate the technology of that date. This 
does not mean that the plants will all use the same process and 
equipment. It may well be that plants of differing sizes will use 
different types of equipment and operations. Similarly the technology 
available at a given time will limit the size of the plant, and also 
other non-technical factors can prevent the construction of bigger 
plants, although the technology is available. Therefore a scale up 
curve will be based on technology of a particular vintage. Obviously 
it is not realistic to consider technological progress as occurring 
in discrete lumps, but as a continuing stream of varying pace over 
time in different areas. For a particular product over some -period 
of time, t, as a result of research and development, improvements 
will have led to cost reductions over the range of plants built in 
the period t years earlier. Also through technological change the 
maximum size of the plant may have been increased at some time Z(S>t). 
Using the technology of this time, vintage Z, a new scale curve can
t o  Mrs,
I— d t Rftc.
be constructed. (Figure 3) The downward shift of the scale curve 
Figure 3 Effect of Technological Change on LRA.C Curves
does not necessarily mean that technological progress has taken place 
any more than an unchanged position of the curve indicates 210 progres 
Any increase in the real cost of the inputs may offset some or all 
of the advantage of technological progress. Also the cost of inputs 
can vary with location and therefore scale curves for a product 
manufactured in the U.S. will he different to those for European 
production. Increasing demand for inputs with increasing; scale could 
affect their price and unless there is an infinite elasticity of 
supply of inputs over the range of production being considered, 
factor prices could vary with the size of the plant.
If the effects of the economies of scale and technological 
progress are to he separated the following assumptions have to he 
made when considering the effects of scale and time on unit average 
costs.
i) The supply of inputs is infinitely elastic to demand.
ii) The technology at the various points in time is fixed.
iii) The price of factor inputs over the time bet?/een different 
vintages is unchanged. However, iii) is a drastic assumption for 
this fact is a major stimulant for technological progress. However, 
if technological progress is making rapid advances compared to real 
price changes then the shift in the scale curve v/ill represent mostly 
technological progress.
A component of technological progress is the learning; effect and
L ft <L
cP JkcfivvJdre
O
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this can account for reductions in the average costs. The effect
of learning will vary depending on the type of process and equipment,
and the existing experience of the staff and operators. For 'a completely
new process, using advanced equipment and technology, initially
average costs'.will he high while the operators become familiar with
the process and while any faults and teething troubles in the design
are corrected. As the plant and operators move towards increasing
efficiency, through learning, average costs will fall to a level
acceptable to management. Further improvements will be through
technical developments and minor operational improvements. Changes
affecting labour may well be modified by union policies, and therefore
any rewardsfrom technological progress affecting labour productivity
are likely to be shared between shareholder and worker. This will
apply also to any rationalisation or organisational changes that
■ management are likely to introduce aimed at increased productivity
and lower•average costs.
liven assuming that it is possible to distinguish the effect of .
technological progress from the changing shape of the cost function
there are the usual problems of measuring capital and labour.^
For example, what is the effect on the company of employing more
high qualified personnel, or using more technicians than technologists
with degrees. Is the salary for each unit of labour input an indication
?of technological competence; Similarly, with items of capital equipment; 
what is the measurement in the cost function to indicate that a 
20,000 t/y plant built for a cost of £4m was technically inferior to 
a plant of the same size built five years later at a cost of £3m 
with prices constant.
At this point it is worth noting that so far our technological 
progress has been related to process improvements, leading to a 
saving of inputs. As the quality of labour and capital can improve 
over time, so can the quality of the raw materials and product. Can 
the cost function handle these effects of technological change? In 
the case of improved inputs this may lead to better yields of product, 
less wastage or a reduction in ‘difficult to handle by-products’. In 
such cases average costs will be reduced. However, the production of 
an improved product from similar inputs may not be reflected in a
change in the cost function. This situation could arise from the 
effects of development work where, for example, it was found tlv-’t a 
different method of mixing at a certain stage of processing produced 
a finer and more homogenous powder. This improved product -may result 
in the firm acquiring some future advantage which in money terms must^ 
when discounted^equal the present value of the cost of the research 
and development. For the purpose of comparing the new product with 
the old, the added value of the new product can he viewed as a cost 
reduction in producing the old product,
hxternal effects of technological progress and economies of 
scale can lead to cheaper and better quality inputs. For examine, 
raw material costs may have been reduced through resulting economies 
of scale in the producer industry and from the effects of technological 
progress (e.g. ethylene). Similarly better components or control 
equipment can lead to further technological progress in the user 
industry.
Another factor leading to lower average costs, and often 
inseparable from technological progress, is the process of debottlenecking 
those sections of a production process causing a restriction on output. 
When designing a plant it is not always possible to obtain standard 
size items of the required dimensions. However, it is often cheaper to 
buy standard units that do not exactly match, rather than have them 
made to exact size.
This discussion on cost functions has illustrated the difficulties 
of identifying the effects of technological progress from changes in 
the cost function over time. Although the manufacturing costs of 
ethylene and ldPS have been discussed in Chapters 4 and 5 and ihe 
factors responsible for the drastic reductions over the 1960's 
considered, the data necessary for specifically identifying the 
effects of technological change over time are not available.
If a series of cost curves were constructed for increasing output 
based on the technology available at a given time, with all input 
prices constant, it would be possible to measure the effect of 
technological change over time for a given output from the change 
in manufacturing cost (Figure 4)*
Figure 4 Effect of Technological Change on Manufacturing Costs
8,2 Polymer Grades
In both consumer and non-consumer goods the buyer is often faced 
with the introduction of new or modified products. These may occur 
at frequent intervals for some lines, whereas other products continue
to appear year after year with little change.
These changes may he the result of continuing technical development 
and therefore the introduction of a new product can well reflect 
technological progress. On the other hand a new product may not he 
the result of technological innovation, and may he no more than a 
new presentation through advertising of an old product.
It is necessary to select a suitable scale which will he sensitive 
enough to detect technological changes and ignore other changes 
brought about by fashion and taste. For example, specifications 
which v/ill measure performance, quality, reliability, etc., or some 
other variable for the product under review. Performance curves 
showing; the development and technological progress in certain products 
have been reported in the literature as a method of technological 
forecasting.
.With the development of ldPE polymers, the number of new grades
has grown at a remarkable rate over the last 20 years. This has been
the result of continuing technological progress and the developments 
in polymer science.
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The increasing range of application of ldPE has been discussed, 
in earlier chapters. The development of new grades with additional 
properties suitable for commercial application has been an important 
factor in the growth of ldPE. This is shown in Table 1 which lists
Table 1 Lumber of ldPE Grades Supplied by One Manufacturer, U.K. 1961/1971
End Use ■ 1961 I97I
Injection moulding 4 13
Film 8 22
G'oating 1 . 1 0
Cables 2
Blow moulding 4 . 7
General purpose 6
Compound . . 14
Pipe 2 5
Rotational moulding - 11
Source: I.C.I. Sales Literature
the number of polymer grades supplied for various end uses in 1961 
and 1971 by one manufacturer. Two examples are film and coating. 
Considerable grov/th has been achieved in both uses through the introduction 
of a wi.der range of polymer, providing additional and improved 
properties. For example, the number- of grades of polymer for film 
uses from one manufacturer alone increased from 8 to 31 during 
I962-I963 and for coating grades from 1 to 9 i*1 the period 1962-1966. 
Considering the recent development of rotational moulding, in
1971 11 grades were available from one supplier.
8.3 Journal and Patent Activity
It would seem reasonable to assume that in an area such as 
ethylene polymerisation and ethylene polymers^a large number of the 
publications come from industrial work, although university research 
has moved towards more applied aspects in the last 10-15 years. Also 
a considerable part of this research leads to patent applications and 
therefore publications and patent activity' in this field should be
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related to commercial expansion. To investigate the possibility, 
Chemical Abstracts were used to obtain a measure of the growth of 
publications and patents. The subject index was scanned and the 
number of columns counted under the heading 'ethylene polymers' 
for the' years'1947-19.70• The number of patent abstracts listed 
under this titlewere also obtained, and the column count plotted 
against time. (Figures 5 and 6, and Table 2) Both plots have a 
similar s-shape with the initial and intermediate stages very similar. 
From about 1963 the growth rate of patents started to slow, with 
abstracts slowing more rapidly after 1964. This could indicate that 
the pace of fundamental research was slowing as new knowledge became 
harder to find, whereas applications were still being explored, although 
at a reduced rate, stimulated by continuing commercial opportunity and 
economic growth.
The growth in world production of ethylene polymers. (Figure 7) 
and the increase in world patents ana abstracts covering ethylene poly­
merisation has followed a similar growth pattern with two differences. 
The expansion in production has continued at a faster rate and the 
high growth rate of abstracts and patents was reached six years after 
production. The expansion of production has been at a decreasing rate, 
particularly since 1965* This may be the result of the polymers 
becoming established commodity products, with increased consumption 
coming from the extension of existing uses, rather than from new novel 
processes and applications.
The number of U.K. polymer patents has been considered in relation 
to total U.K. patent acceptances. (Table 2) The table also shows 
the percentage of polymer patents to total U.IC. acceptances. This 
percentage has increased 2y times over the p>eriod 1950-1970. This 
continuing expansion of U.K. polymer patents is shown in Figure 8.
The number of U.K. polymer patents is a reflection of international 
patent activity and this could be related to world polymer production, 
or possibly future anticipated profit from sales of polymers. The • 
graphs (Figure 8) showing the plot of the number of U.K., polymer 
patents and the world production of polymers (Figure7o.) over the 
period 1950-1970 give an indication of how the two rates had been 
increasing at a rapid pace until 1967? when there was a drop in the
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number of U.K. polymer patents.
It has /been realised by researchers using patent statistics 
as a measure of technological change, that only a few of the many 
patent processes are used commercially, and in any count they are all 
given equal weighting.
Some indication of the continuing importance or potential of a 
patent is the period of renewal. Figure 9 shov/s the number of U.K. 
patent renewals in age categories for the years 1959? 1964 and 1970* 
These plots show a steady exponential fall out over the 16 years that 
patents can be renewed.
8.4 Demand Functions
So far we have considered the effect of technological change on 
supply. It is possible to obtain further insight into the action of 
technological change from demand analysis.
The demand for a product can be expressed as a function of the 
factors affecting the demand. A demand function for a product x
can be related to the variables x-^ ? X g    xn, affecting demand
by the general expression 
Qx = (^x-^  .....
In reality the number of variables for complete specification may be 
considerable, and over a period of time their importance may change 
as economic, political, climatic, demographic conditions alter.
The actual relationship between demand and the variables may be of a 
linear or non-linear form as, shown below.
Q. = A + ax^ +'bXg + cx^
2
Q, = A + ax-^  + bxg + hX2 + cx^
The solution of a demand equation is much easier computationally if
the function is in a linear form, or is a non~linear equation that can
be transformed to a linear form. The demand functions considered in
this investigation of IdPB are of a multiplicative form, easily
transformed into a linear logarithmic equation. These are shown below.
- , a b c
Q = A Xj x^ x^
In Q = In A + a In x^ + bx^ + c In x^
Figure 9 P.K. Patent Renewals
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The objective of the demand analysis on ldPE is to identify 
the factors that are related to the demand so that they can be 
investigated for any influence from technological or other changes.
In this way the effect of technological change on demand can be 
determined.
Six variables were selected on the assumption that they were 
closely related to the demand for ldPE over the period 1950-1969* Table 3. 
These were polymer price, per capita consumer expenditure, and prices . 
of paper bags, glass containers, and tinplate, and the number of 
supermarkets. Besides considering the conventional demand variables 
of product price and consumer expenditure, price of complementary 
and substitute materials were considered. As a large percentage of 
ldPE is used in food packaging, and with the rapid increase in 
packaging brought about by the development of supermarket retail outlets, 
the sixth variable considered was the number of supermarkets. Demand 
for IdPEwas measured by per capita consumption. Prices were revalued 
to a i960 base, and all variables and demand were expressed as index 
figures with 1950= 100, Table 4»
Estimation of the parameters of the demand functions was by 
least squares regression. As a linear logarithmic function was used, 
the parameter values were the elasticity of demand for the particular , 
variable. For example one of the demand equations was given by:-
. - e , fQ, — x*. x^ x6
which was regressed in the following form
t 1
Q1 = A 1 + ex^ + fx^
where Q per capita consumption of ldPE 04 = In 0
x^ - index price (i960) of glass containers x^ = In x^
»
x^ - number of supermarkets Xg = In x^
The value of e represents the elasticity of demand of ldPE
with respect to the price of glass containers (cross elasticity), 
and f the elasticity with respect to the number of supermarkets.
For example.a lg rise in the price of glass containers (x^) would 
lead to ef<- change in the demand of ldPE assuming- all other variables 
remained the same. However, these figures represent.the best value
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over the period 193)'-1969 obtained from the regression analysis and 
therefore do not show the effect of changes in time on the parameters, 
A more complex function could he used to investigate this property, 
by using non-linear parameters which accounted for time changes.
From the analysis of the data, 7 equations were obtained giving 
the best correlation between demand and the selected variables,
(l) q = x61* ^ 3  (k 2 = 0,999)
(2) e- = x -°- 
3
2306  ^
u
1
:6
.2407
(R2 -= 0.999)
(3) r\ _ 2.091 X 10*
-12 5.2938 v 1.5098 
5 6 (R2 ■-= 0.988)
(4) Q = 5.325 X 10‘
-8;r -1.1997 
3
4.6260
x5
„ 1.3319 
6 (R2 -= 0.994)
(5) Q = 5.325 X' 10“
-8 . 0.3488 -I.2636 
x3
_ 4.2737 
5
r 1.4823
(R2 == 0 .994)
(6) Q = 9.638 X 10'-17
Y 0.7786 
X1
Y 3.1812 
2
r -1.3327 
3
T 4.9342 
5
,v 1.4475 
6 (r 2 == 0.994)
(7) 0  = 1.077 X 10"
-18 0.6985
X1
Y 4.0334 
2
Y -I.3519
3
_ 0 . 7991 
4
4.4646
5
1.3398x6 (R2 == 0.996)
2All the equations had high R values and the Durbin V/atson
statistic showed the absence of autocorrelation. (Table 5./however,
in two of the equations, (5) and (7)> the regression coefficients had
t values with levels of significance greater than '5j&. The t values
of the coefficients in equations (l), (2), (3) and (4) had significance
levels less, than 0.5Jifknd in equation (6) less than jfo.
The best regressions were for
Equation (l) (supermarkets) and
equation (2) (supermarkets and paper bags)-.
Equation (3 ) (supermarkets and glass containers) had a
2slightly smaller R (0.988) than the other equations. Equation (6)
2included all variables except the price of tinplate, had an R 0. 994 
and all the regression coefficients with t values significant at less
(i) See Appendix 4 for complete print out of results.
8 198
■* * □> ^  
iv f* “
fi
*T7i i v-
Jl'•CT *f
V"
?
v
£
7*
* *
<T 1/1
q$L q^ »
— -o *? C/I
h 6 c l/J
> _/ V*
•x? _/ SO t/i
P / * •* V.
•»* __
o , 0 J °l 0
b
-J
-J
b
r
fc/ b
c/j r
b b b/v>
t/i IA» fj-
o
o
-*
00 oo <^ 0
<r
j>
w
t/i
o
J
j>
JO
U'
(A»
JO
00
<r
f tf
£ 5
v  p
-T
c
f
(T
W
r
00
00
— — —
1/* lA>
CO tA> 6*
—
_G <r
J>
s>
- J
JO
IA>
f
H
_/
tAA
<r
&•
0
to
/o
JD
lA>
CO
F f Ia> Ot
F OO lA*
J N> 0
«0 t/ J> J>oc
% —  ■ ?!
y* Ml IA
6
F f ►J
<r e/r <T*
o Ji
Ui to J3
O G G
J} J> J5
J> J? J>
B* •F r
to
F
c*>
J>
-t>
•r
i
0
lA*
O
tr
f
o
_/
0
s>
f
JD
00
CD
J>
_o
o
J?
1/1
W
* 0l/l -
JD
J5
JO
3> P  D)
3> ^fr
}o t)
p .75'* 
<^=>
-e f
"0
t  i
f e£»
p?
.■?>■*
ftc&>
?
*
Table' 5 
Results 
of 
Demand 
Analysis- on 
U.K. 
Consumption 
of 
IdPS
8 199
than 5$. In Equation (7), including all variables,- three of the 
regression coefficients (polymer price, consumer expenditure, price 
of tinplate) had t values with significance levels greater than 5^.
From the demand equations obtained, the price of paper bags,
the price of glass containers and the number of supermarkets are all
significant variables in the demand for ldPE. This relates to the 
use of linear logarithmic demand functions and if other forms were 
used it is possible that some of the other variables would become more 
significant. For example, polymer price is significant only in one 
equation, although it would be expected to strongly influence any 
demand function. Even though the chosen variables are found 
statistically to relate to demand one cannot assume that this is 
really the case. In actual every-day life there may be.no relation 
at all.
In equation (4 ), Q = 5.325 x 10-8 x^ 1 ’ 1" 7 ^4.6260 ^1.3319?
the exponents are the elasticities of demand with respect to the ! .
variables. For example a 1$ increase in the price of glass containers (x^)
will increase the demand for ldPE by 4.6yj assuming other things remain;
equal. This cross elasticity will provide a measure of the ;
substitutability of glass by ldPE.
Y/hen the cross elasticities for paper bags (x-^ ) are obtained,
equations (4)> (5) and (6), the values are negative, with t values
significant below 0.29. The negative value indicates-that paper'bags 
are a complementary product, i.e. an increase in the price of paper 
bags reduces the demand for ldPE. An example is the coating of ldPE 
onto paper, where a price reduction of paper could make coating a 
more economic proposition. However, from end use data, the coating 
of paper does not take a large percentage of ldPE consumption and 
therefore this suggestion is not the complete answer.
The explanation could be associated with the wider aspect of 
packaging. Packaging is a major outlet for ldPE and therefore 
variables associated with this end use will affect the demand for 
ldPE, This is shown by the effect of the number of supermarkets 
on the demand for ldPE. Any reduction in the overall activity of 
the packaging industry will affect the demand for ldPE. Therefore 
it can be considered that an increase in the price of paper bags
8 200
could, lead to a reduction in packaging activity, as well as assisting 
in the search for substitute materials. Alternatively, the price of 
paper bags may be some function of overall economic activity, such 
that the price of paper bags, packaging activity and economic 
activity are closely correlated.
This analysis has only briefly explored the possibilities of 
using demand analysis in the study of technological change. By 
isolating the variables affecting demand, one can go on to investigate 
the reasons for the importance of the factor in the demand function.
If time can be introduced, the change in the weight that a particular 
variable is having on demand can be estimated. Further work could 
then explore whether the change is associated with economic, technological, 
social or'.political factors.
Apart from the investigation of the effect of specific variables 
on the behaviour of the system, demand analysis is worth exploring 
as a forecasting tool. It is hoped that this line will be followed f
up in further research work.
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Demand Analysis - Interpretation
The results of the demand analysis have been affected 
by multicollinearity and although high multicorrelations 
(R high) have been obtained, the values of the individual 
coefficients are unreliable, shown by their high standard 
errors. This means that although total demand is explained 
by the effect of the variables considered, the individual 
effect of each variable is not significant.
The selection of the six independent variables 
considered to have affected the cVyt- per capita consumption 
over the period 1959-1970 was based on the investigation 
of the growth of ldPE discussed in Chapter 3. The 
variables have been selected on the basis of reliable 
historical data and our interpretation of their importance 
in the growth of ldPE. The objective of demand analysis is 
to explain the demand as completely as possible by 
considering the effect of different variables in the 
demand equation. In some cases a large number of variables 
will be required to completely determine the behaviour of 
the system but there is considerable danger in including 
too many variables in. the regression without good intui­
tive reason? The regression analysis was carried out to 
determine the best equation containing 1-6 independent 
variables.
However caution must be taken. In equation D 1 , there 
is almost perfect correlation between ldPE consumption 
and the growth of supermarkets. This would suggest that 
we have completely explained our growth of ldPE by the
*The probability of wrongly rejecting the hypothesis
that the coefficient value is 0, increases rapidly with
the inclusion of 'try o n ’ variables. If the number of
such variables included is very large, K, testing them
at the -251 level of significance, the probability of
K
no error is (0.95) . For three variables, the proba­
bility of some error is as high as 0.86.
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growth of supermarkets. This we know is not correct; 
many other variables are involved. The result indicates • 
that we have not completely specified our case. A more 
detailed analysis of the relationship between ldPE and 
supermarkets must be carried out. For example, only 
a particular type of ldPE will pass through supermarkets - 
film wrapping, plastic squash bottles and therefore our 
examination should be at this disaggreated level.
As further independent variables are added to the 
analysis our values for R2 remain very high. Therefore from 
Table 5 it can be seen that regardless of the combination 
of variables used in equations D1-D7, the variation 
between observed and calculated values for the consumption 
of ldPE is explained at a high level. This is due to the 
very high correlations between the independent variables?
■e>
The problems of multicollinearity have been mentioned 
in the statistical note and in the section on production 
functions. In respect to this demand analysis,more 
detailed investigation will be necessary to obtain sig­
nificant values for the regression coefficients. Two 
basic methods for improvement are suggested. Firstly the 
data will have to be disaggregated by relating the materials 
to specific end uses where they are competing or substituting. 
For example, what is the price of glass containers that are 
being used to pack materials that could equally use ldPE?
What relationship exists between size, weight and price? 
Similarly the price of ldPE will depend on grade and 
subsequent processing. In our analysis the average price did 
not take into account the difference between extrusion and 
injection moulding grades.
Secondly, a further improvement should be obtained 
by shortening the period of analysis - a trial investigation 
could be eight years. This should have the effect of reducing 
any strong trend that may have developed between the
independent variables through time. ______________ ____ ___________
*This is seen from the correlation matrix, shown in the 
appendix relating to Dl-7).
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Once the investigation is broken down to this level the 
effects of technological change will start to emerge. Our 
initial regressions have not provided us with significant 
results and this has told us that we must dig deeper and 
specify our system more completely.
Multicollinearity
A particular problem that has shown itself in the 
statistical work on production functions and also in the 
work on demand analysis discussed in Chapter 8 is', 
multicollinearity. This can be explained by considering 
the multiple regression
Y = a + b X 1 + C X 2
The technique of least squares used to obtain values 
for the coefficients assumes that the independent 
variables X^ and X 2 are independent of each other.
However if some relationship does exist between X^ and 
X 2 , say X^ = a^ + b^ x 2 , then the values for b and c 
will not give the true effect of and X 2 on the 
dependent variable. It may well be that the regression 
of Y on X^ and X 2 using the values of b and c may 
give very high values, as in some of our equations, 
indicating that the regression as a whole explains most 
of the variation in the dependent variable. However if 
the standard errors of the coefficients are large, as 
they will be in the case of multicollinearity, no 
confidence can be given to the relationship between the 
individual independent variable and dependent variable.
For example, the values of b and c* could vary between 
a wide range, with b high ^and c low, and still give a high 
R value.. If there is perfect collinearity between X^
and X 2 , ( X-^  X 2 = 1) only the relationship, between Y and
X^ or Y and X 2 can be found. This can be obtained by 
regressing X-^  on X 2 , to give X^ = a] + bj. x 2 ,which can
then be used to substitute for X^ or X 2 in the original 
three variable equation.
. If there is not perfect collinearity between X^
and X 2 -it will be possible to obtain values for b and c 
*b - -e&t b + tO. 025S S **
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but the estimating becomes unstable a s T v  v moves •
X 1 x 2
towards 1, and no significant can be attached to the 
values because of the large standard errors.
For example the estimated value for b can be expressed
b = b 2 - b lb 3
where Y = a 2 + ^2 ^1
Y = a3 + b 3 X,
■ ' 2
If r Y v = 0 . 9 8 ,  the denominator is 0.2. IfA1 Ao
r 2 • • ■ ■'
X^ X 2 = 0.99, the denominator now becomes 0.1, and thus
doubles the value of b compared to the estimate for7 ' *
r Y Y = 0.98. Therefore there is considerable unrelia-
X 1 x 2
bility for in the estimates of the coefficients for
0
variables with high r values. Therefore although the 
variables X^ and X^ may independently affect Y, because 
of the large standard errors of b and c the relationship 
will not be statistically significant.
For prediction purposes it may be perfectly satis­
factory to use the regression Y = a + bX^ + CX 2 when
r^ Y Y . is near one, so long as the equation is used
1 2
within the limits of the relationship X^ = a + b^X 2 *
However the equation is of no value in determining how 
X^ and X 2 separately affect Y. If this is required,
additional information is needed, or alternatively a 
completely different specification.
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8.5.2 Autocorrelation
One of the assumptions made in using the technique 
of least squares regression is that the error terms, E, 
are independent of each other. In time series data this 
is often not the case and the error at time t,Tt may be 
correlated with one or more of the previous values, E^-l,
Et~2 , etc. A simple case could be represented by
where is a random error and &  — f>o£.f .
Depending on the value of/s., this behaviour is called
negative or positive autocorrelation. It will
lead to estimating errors in the regression coefficients
and these may not show up as high standard errors.
A standard procedure for testing for autocorrelation 
in regression analysis is to calculate the Durbin Watson 
statistic, d .
t - 1  9
= E  » t * i  - V
t=P
t * t^
£
t=i
Published values are available for upper and lower limits 
of dfdt^du) at different levels of significance and for 
observations (t) greater than 15. However, the test is not 
particularly powerful when the number of degrees of freedom 
is small or when the errors are only moderately correlated.
The values of d shown in the tables of results on 
pages 171/3/6198, show the presence of autocorrelation 
in several of the regressions. It is possible to reduce 
or eliminate the effects of autocorrelation by the 
method of differences. For example considering.the 
regression Y = a + bX + C2 +£ t, and assuming the 
simple relationship between errors exist such that
then it can be shown t h a t ^ Y  = b & X  + C6 Z-4*^%j/~
Regressing & Y  on & X and (St. will provide more significant 
values for b and c .
However this was not necessary- with our regressions, 
as the equations with unacceptable A values were rejected 
on other grounds ~ multicollinearity, high standard errors.
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PART 4
GROWTH MODELS IHCQRPORATIHG INNOVATION 
• AND TECHNOLOGICAL CHANGE
The two chapters in this section discuss the construction of 
•growth models for ldPH taking into account the effects of innovation 
and technological change.
Chapter 9 considers the development of models to describe the 
growth process over the period 1950-72. The factors and variables 
that must be incorporated into the models are discussed.
The final chapter extends the analysis and framework developed 
in Chapter 9 exploring the possible use of growth models in short 
and long term forecasting;.
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Chapter 9 Models for Growth
Following the work on the measurement of technological change 
in Chapter 8, the wider aspects of incorporating technology ir.to 
grovrfch models for ldPE is considered. Social, economic, political, 
psychological and technological forces have all played a part in 
shaping the path of the product since 1939* Conversely the product's 
growth has affected society in varying ways, some more dramatic than 
others.
The overall interaction between the product and society can he 
considered as arising from the changes in the forces acting betv/een 
them. This is represented diagramatically in Figure 1. Therefore the
Figure 1 Interaction betv/een Society and Product
Poi.rrAcAUfc'P Ro.hUe.Td] Soe» «£.
construction of dynamic supply and demand models is required so that 
the influence of various changes can be investigated. The accuracy 
of the structure and the significance of the variables considered can 
be tested by using the models to investigate an actual period of growth-. 
If successful these models could then provide the basis for developing 
short and long term forecasting methods.
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9.1 Growth-Patterns in Supply and Demand
The U.K. ldPE growth curve for the period 1950-70 has a typical 
logistic shape. The following analysis in terms of supply and demand 
variables breaks the growth period into 7 stages (Figure 2).
Figure 2 U.K. ldPE Production Curve
l) Initially, up to the innovative step, the company will be 
solely responsible for the Research and Development output and the 
decisions taken to launch the new idea. The selection of projects 
at the research stage and then of developed ideas for commercial use 
will depend on the companies objectives and on how it sees itself 
matching up to future opportunities. The inputs and outputs at the 
Research and Development level will not only be influenced by the 
companies technological ability and experience but also by exogenous 
variables influencing the supply and quality of the companies 
Research and Development programmes (e.g. supply of technologists, 
Government spending on support for projects in areas associated with 
the companies interests). At the present time only the variables 
important in innovation have been identified by research workers. 
Mathematical relationships are not available as quantification of 
many of the important variables are impossible (e.g. energy and drive 
of executive in charge of projects).
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2) At point 2 in Figure 2 the innovation is launched. At this 
point demand must he created. This means the product and its value 
must become known to those people with a likely need. The size of 
the potential market will determine how much effort the company has 
to make to ensure that over some period of time a certain percentage 
of potential buyers become aware of the product. Other problems are 
ensuring that the value and properties are realised and persuading 
the buyer to try, or evaluate,and finally purchase the product.
The rate of product growth can be expressed by:-
cL^
= f(K,K^ ,Kp,I'IjG) K - total numbers of potential buyers
- awareness of innovation 
~ capability to evaluate
N - need to evaluate 
G - anticipated gain from innovation
- cost of evaluation
3) If the new users find the product meeting their anticipated 
needs then this will become known to those that rejected the innovation 
initially and further evaluation will take place resulting in a 
further increase in buyers. This new wave of trial will be proportional 
to the rate of growth in the previous period. The demand will swell 
(band waggon effect) and supply will be increased. Also as the number 
of buyers grows so will the .knowledge and technolog;/ associated with 
using the product. Companies that were not earlier able to evaluate 
the new product may now be able to do so by either employing new staff 
or consultants.
Assuming that the product is protected by patents there will only 
be one producer increasing supplies. However, it is likely that he 
will be concerned with two problems; the constraint K and the cost of 
manufacturing. If the number of buyers can be increased by widening 
the range of uses (for example IdPE was used initially only for cables) 
through further innovation, growth can be maintained rather than 
approaching the limit set by the present value of K. Similarly 
improved manufacturing costs through process innovation will enable 
cost reductions to be passed on to the buyer in the form of price 
reductions. This should further stimulate demand assuming it is not.
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constrained ...by K at a maximum. Both processes were followed in 
the growth of IdPE.
4) Once the patent coverage has expired, if the demand potential 
and business opportunity are sufficiently attractive, other suppliers 
will enter the market. There will be an entry cost and this is likely 
to limit the competitors to those already with knowledge of products 
related to the new product.
5) Entry of further suppliers will bring problems of over .supply, 
particularly where it is not possible to economically instal new 
units below a certain size. However, continued innovation in products 
and processes will enable manufacturing costs to keep level with 
inflation and demand to expand.
6) Over time the constraints on expansion will become more difficult; 
and costly to shift. For example the gain from using the new product
is not sufficiently attractive for new buyers (i.e. price difference 
between plastic packaging to paper not sufficient to enable further 
substitution into the paper market).
7) Unless new technology can either expand the product into new 
uses or cut the price sufficiently to make substitution attractive, 
the product’s {growth rate is likely to settle towards the rate set 
by the economy. 'Alternatively, the effect of price rises in other, 
products could attract increased demand without additional innovation, 
i.e. rising price of natural products - unless offset by technological 
progress in associated areas. Demand could also be increased from 
changing social attitudes and needs, i:.e. attraction towards packaged 
foods and pre-wrapped goods; supermarket shopping.
9.2 Disequilibrium in Supply and Demand
. In the case of a rapidly expanding product such as IdPE it is 
unlikely that supply and demand will be in equilibrium. An excess 
supply or demand situation can easily occur. If conditions have
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Drought about a rapid shift in the demand curve (Figure 3} from A to B, 
Figure 3 Supply and Demand Curves
over some period of time, and the supply situation has not changed, 
there will he an excess demand given by assuming no price change
has oaken place. Unless a consumer survey is carried out there is 
no way of determining the magnitude of However, in the case of
IdP'B there has been the reverse situation, where supply has expanded 
at a greater rate than demand, leading to excess supply. A shift of 
the demand curve a to B is now accompanied by a supply shift from 
S-j to Sp., If no price change takes place excess supply is BpSg. 
However, if price is reduced to P^, excess supply will be less,
•lith IdPE, even with considerable price reductions, supply has exceeded 
demand at most times.
9.3 The Supplj System
In the construction of the supply models difficulty arises as . 
there are a number of intermediate production stages, from the polymer 
granules and powder to the finished products. The product can also 
range from a .wrapping film to a milk bottle made from, a mixture of 
Idi'Ij and hdPB. Bven if supply is considered only for the production 
of the polymer, this p:oeess does not provide a homogenous product 
but a- large range of grades. The grades are not•always associated 
with one end use and in some cases a general purpose gra.de may go 
into several different types of product.
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Figure 4 Primary and Secondary Supply
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Figure 4 illustrates the various stages involving different types 
of producer and huyer. Our models are concerned-with the supply 
from S - the product of the polymer manufacturer selling the granules 
and powder to the intermediate processer and fabricator. Demand D 
is considered as arising from the final consumer, whether this is 
domestic or industrial. The huyer could be a builder purchasing sheet 
for floor linings or a housewife buying bags for food storage.
9.4 Demand
The variation in the type of buyer increases the problems of 
demand analysis (Figure 5)* The same end product can be purchased 
by a wide range of user with different needs and affected by changes 
of society in opposite directions. This could result in the change 
of some selected variable in the demand function having no effect 
on aggregate demand. However, if information was available to show 
the effect of a change in a variable on specific categories of buyer, 
then a more positive reaction to demand could be obtained. Unfortunately 
lack of data on detailed end use for an extended period has prevented 
any disaggregated analysis in this direction. Therefore the model 
considers total demand for the polymer rather than individual end 
uses.
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9*5 Supply Inputs
The supply inputs (Figure 6) consist of raw materials, labour, 
capital, energy. The cost -of the inputs will determine how they are 
used in producing the polymer and will stimulate and direct technology 
■'towards cost saving or profit improving projects. However, apart 
from these direct inputs for production, the company may be involved 
in Research and Development inputs and other expenditure related to 
selling the product - transport, advertising and marketing.
The growth of a product can be maintained by two methods:
1) Expansion of established facilities by existing manufacturers 
or by new entrants into the market,
2) Innovative activity.
The expansion of ldPE has proceeded by both methods with the entry 
of new suppliers and also through considerable technological progress. 
Therefore the supply model has to identify and account for the 
variables associated with these two processes of growth.
9.6 Research and Development Activity
In the case of. ldPE, the R. and D. inputs by I.C.I. over several 
years eventually led to an R. and D. output, the patent. Additional
inputs at the R. and D. level led to a pilot plant and the final
R. and D. output - knowledge of how to build and operate a commercial
sized unit. The final output v/as dependent on the company spending’
money on research projects of an exploratory type rather than on a 
specific product area, on the company's existing know-how of high 
pressure technology and on an individual recognising the future 
potential of the product.
I.C.I. followed this up by investing in further polymer production. 
By this time R. and D. inputs were orientated specifically towards 
improving the process and the product. The potential of thd product 
also attracted other manufacturers to carry out similar work and the 
literature and patents on the subject started to grow. Although the 
process was;protected by patents^ I*C.I. continued expanding production 
facilities and improving the process.
Immediately the original patents expired other manufacturers 
entered the U.K. market although the price of the polymer had fallen
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c o ^ i d e r a ^  ^ e o h n o ^ c a l  effort continued at a hig> level as seen
—  , « « * *  in the of patents and publications. Ov»r
this period of rapid Mansion the U.K. IdPS supply, Qs>oan *e 
related to patent activity, p, by
Qst _ ^t-x
assuming thereto a lag (t-x years) between patent activity and supply.
U PU ° ^  ^  D* haV® resulted in « continuing stream
new products and processes both in the polymerisation, polymer
lnd°°ZlnT d fabriCati0D Without the major innovations
. "  °°b' lminS min°r devel°P“ents, the growth would have been much
-lower. Therefore two vital
1 axeas in the growth process are the
H and D. inputs and the innovation stage. This equally applies to 
-hose areas in other industries that have reacted to the growth and 
•potential of ldPE by developing handling equipment, printing and 
processing machinery and control equipment. This has ensured the
^  3!3t0rial at a11 StageS of the manufacturing process.
. , ‘S ‘ lni>UtS 8X6 existing scientific, engineering and
ecnnological knowledge available and known to the H. and D, worker
equipment and the availability of finance to support the additional’
■ ort. Once the initial discovery has been made and is recognised 
as having some commercial use, R. and D. effort increases rapidly and 
the,new system is rapidly explored. Hew knowledge flows forth quickly 
at nrst but as time passes it becomes increasingly difficult and • 
more costly to f m d  anything new that may have■commercial interest, 
i ereiore k. and I), expenditure on the product will decline to a lower 
eve <,nd the product will have reached maturity. Unless some n°w 
discovery sparks off renewed interest the R. and D. effort will be 
concerned -with keeping operating cost stable, fighting off an attack 
new subotitute, or dealing with problems associated with the 
use of the product - pollution, toxicity, stability. The R. and I), 
e x p i r e  on any of these problems will be proportional to the expected 
loss m  profits if the threat materialises. Although 
quantitative data is available for investigating the effectiveness 
of scientific and technological knowledge on growth there are some 
areas that are more difficult to explore. For example, what importance
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is the individual and-what' are the qualities necessary for the creation 
of a nev/ idea and the subsequent development. Team 
work, determination, resilience and aggressiveness must all play a 
part. Mans needs for products, his need for adequate rewards in 
monetary terms and the need to satisfy himself from his work v/ill 
all play a part in the growth of specific products and in the growth 
of society. Quantification of these social and psychological aspects 
are not yet possible and cannot be included in growth models.
9.7 Expected Profits
The diagram of the supply system (Figure 6) shows that a proportion 
of profits are necessary for financing research and capital expansion. 
Therefore there should be a correlation between growth^profitability 
and innovative activity. Unfortunately the data necessary for 
investigating these relationships at product level are not available 
but work has shown that innovative activity can.be related to several 
variables - such as profitability and the number of scientists working 
in the company.
Some minimum level of profit expectation is necessary for the 
company to attempt an innovation or launch a major expansion or enter 
a growing market. However, the expectation will be based on future 
cost estimates, prices and sales forecasts. If several companies 
assume the same future and all plan major expansions, production 
may exceed demand and expected profits will not be attained. Such 
competition between companies has led to low prices and eroded profits 
in ldPE.
One of the problems of the polymer manufacturer is that new 
production facilities take up to two years to build. This means that 
when a new plant is being sized, forecasts for sales demand 3-4 years 
ahead are necessary. Also the inflexibility of the plant once built 
means that if excess capacity is available it cannot be used for other 
products.
Technological progress can be considered as operating at two 
points:- reducing operating cost and improving the productivity of 
capital. Reducing the operating cost with the selling price constant 
or keeping the operating cost constant and increasing the selling
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price leads to increased profits. The technological progress in 
ethylene manufacturing led to reduced production cost for ldPE through 
cheaper ethylene. Also the introduction of improved polymers and 
additional grades for wider end uses was equivalent to an increase 
in selling price. As larger quantities of polymer and materials were 
handled by the individual companies there were advantages from 
economies of scale - and also from technological progress in handling 
and transportation.
9.8 Exogenous Variables
So far the variables within the system have been discussed.
Growth is affected also by exogenous variables. For example, the 
profits of the company will be reduced by the rate of corporation tax 
and the ease of raising extra capital will be linked with the company’s 
P/e ratio compared to other manufacturing firms and to the general 
availability of money. Operating costs will be affected by wage 
rates but as labour is a small component in the polymer manufacturing 
cost, it is the effect of this factor in capital and installation 
costs that will have a direct effect on overall costs.
Production of ldPE is just a small part of industrial production 
and therefore the growth of the product must be related to the overall 
activity in chemicals and the manufacturing industries.
A list of the exogenous variables that must be considered in the 
growth .models is given below.
1) Level of wages in the chemical and plastics industries.
2) Cost of crude oil.
3) Level of U.K. production. General manufacturing and chemicals,
4) Tariff levels.
5) Corporation tax.
6) Availability of finance and cost.
7) Level of business confidence. New orders and contracts,
8) Expansion of technology in relevant areas,
9) Expenditure on technology at national level.
10) Cost of waste and pollution control,
11) Industrial and government expenditures.
12) Consumer spending.
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13) Population, age groups,
14) Communication systems - advertising,
15) Price of substitutes,
16) Average hours worked in manufacturing per week,
9„9 Supply and Demand Equilibrium
The supply position is affected by imports and the change in 
inventory. If P represents U.K. annual production
P = U.K. supply + exports +A I A  I - change in inventory
C - P = excess capacity C - capacity .
U.K. supply + exports +AI = C - excess capacity
U.K. supply = C - excess cap-exports-Al
U.K. supply + imports = U.K. demand
U.K. demand = C - excess cap, + imports-exports-Al
The balance between U;K. demand and U.K. supply will be affected 
by the changing import/export ratio. This has varied considerably 
over the last 20 years and has certainly aggravated the problems of 
excess sujjply at various times.
The increase of exports into the U.K. has been due to the 
availability.of lower price ldPE from external suppliers. This can 
be related to over-capacity in the exporters own country and the low 
tariff barriers for polymers entering the U.K. 1
The over-capacity problem.in many countries, following the 
installation and rapid development of ldPE facilities has reduced th4 
exports of U.K. suppliers. The corresponding increase in imports and 
fall in exports at a time when the capacity of U.K. facilities was 
expanding faster than demand led to excess supply.
In many cases the price of the imported materials has been 
considerably lower than the U.K. prices. It is difficult to relate 
this to a specific factor significant to the exporting country - . ■ •
lower wages, cheaper energy, lower overheads (R. & Demarketing) 
though it is probably a combination of many such factors. Therefore 
in constructing relationships to test this behaviour and for forecasting 
future effects of imports/export ratios o*1 U.K. supply, it would be 
difficult to take account of the factors within an exporting.country 
leading to excessively low prices.
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9.10 Basis for Growth Models
The growth pattern of ldPE has been analysed by considering seven 
stages of expansion (Figure 2). With each of these, either supply 
or demand was viewed as the dominant activity. Table 1 summarises 
the major components in each of these stages. Further analysis is 
required to express these in terms of exogenous and endogenous, 
variables. A model could then be developed for each stage using, 
where appropriate, the methods used in Chapter 8 to take account of 
technological change. Unfortunately the lack of data at this product 
level would probably limit the exploration, construction and testing 
of detailed models, nevertheless this approach must be examined if 
the effects of innovation and technological change are to be realistically 
accounted for in future planning.
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Table 1. Basis for Growth Models 
„. . Predominant
^ Activity
l) Innovation Supply
2) Demand 
reaction
Demand
3) Supply Supply
expansion
4) Effect of Demand 
increased 
demand
5) Competitive Supply 
supply
i)
ii)
iii)
iv)
v)
i)
ii)
iii)
iv)
v)
vi)
vii)
i)
ii)
iii)
iv)
v)
i)
ii)
iii)
iv)
i)
ii)
Major Components
Technical and scientific knowledge 
available.
Company's know-how in related products 
and technology.
Pressure to innovate.
Resources to innovate.
Expected gain if successful - cost 
of innovation.
Total number of potential users.
Rate of spread of information about 
the innovation.
Ability of potential user to understand 
innovation.
Deed to undertake trial and evaluate 
correctly.
Cost of trial. Cost of accepting 
innovation.
Deed to innovate and net gain. 
Availability of resources to accept 
innovation.
Rate of change of demand in previous 
and future period.
Depending on i) expansion of supply 
if innovation successful.
Possible cost reduction through 
economies of scale.
Technological progress through process 
improvements brought about by.large 
scale operations.
Resources available for expansion.
Rate of increase in demand in future 
period attracts further users.
Price reductions through technological 
change increases demand depending on 
elasticity.
Dumber of potential users increased 
by widening product use.
Profitability and potential attracts . 
competitors.
Manufacturing cost kept low by 
continuing technological progress. 
Product improvements to keep demand 
expanding in line with supply.
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Table 1 Basis for Growth Models (conti'nued) 
PredominantStage Activity Major Components
6) Slowing Demand i) Constraints being felt. Increasing
up of cost of removing constraints to
demand maintain or raise profit •
Technological progress slows-up. 
ii) Advantages of using innovation smaller 
Gain from innovation less, 
iii) Increasing cost of achieving
technological progress slows R, & D, 
effort.
iv) Further demand limited to
consolidation of existing markets. 
Effect of price changes and 
technological progress in substitute 
materials compared to product.
7) Future Demand This can be considered as arising from
period three possible processes
i) Further innovation leading to new 
markets or widening the price 
difference between substitute 
materials. .(Supply action)
ii) Changing social attitudes or consumer, 
needs. (Demand action) 
iii) A combination of the effects of i) 
and ii). (Supply and demand action)
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Chapter 10 Models for Forecasting - Incorporating Technological Change
10.1 The Effects of Time in Growth Models
In the discussion on the construction of growth models for ldPE 
the interrelationship and interaction of many variables was recognised,' 
The effect of the key variables on the system will vary over time and 
at different stages in the growth process. Few variables may become 
important while others may become less important or insignificant.
The effect of external variables are considered by including 
exogenous variables in the model. While the system is. small the 
effect of changes in these variables may not be very large. Also 
the system may have little effect on the external factors until it 
has reached a certain stage in its growth. Bearing in mind the 
effects of time on the variables defining a system, growth models can 
be modified to account for the changes likely to occur in the system 
in the future.
The period in the future that can be forecast using extrapolation
techniques depends on the data available and the position of the
product on the growth curve. However, a good rule to remember is
never extrapolate further ahead than the number of years data is
available from the base. In the case of ldPE this is about 20 years
and therefore extrapolation methods can be used with reasonable
accuracy for up to 5 years daead taking account of the products maturity.
However, extrapolation of a trend does assume that the conditions
and variables over the period for which.the data has been collected
are continuing to change in the same way. For example, the production
of ldPE over some period in the past can be described by a function
of time, Q = f(t).^^ Using this function to obtain Q for future s s
periods, assumes that the conditions which shaped the fit = f(t), 
will continue.
Many forecasters, such as Adams, Sorokin and deSolla Price, have 
used exponential functions to describe technological and social 
change whereas others have realised there are limits to this constant 
growth rate due to saturation or imposition of constraints, and have 
applied logistic functions. In many cases the growth of new products
(i) A Gompetz curve, log Y = 5»6375-2.0286(0.8933)  ^gave a good fit 
for the U.K. consumption of ldPE for the period 1951-68.
Y - Yearly consumption, t = 1 (1951)
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does follow a logistic curve, although for some periods in the growth 
cycle a simple exponential may be used.
However, a function such as © = f(t) describes the interaction
between many variables and is the result of simplification and • 
condensation of several relationships - often complex. In this 
form it tells us nothing about the effect of the variables on the 
system. If a model can be obtained for the growth period in terms 
of endogenous and exogenous variables, it should be possible to 
obtain some understanding of the growth process and the importance 
of the various factors in the development. Such a model can be used 
with greater confidence for forecasting than the single equation.
There are limitations and in the case of ldPE it is not expected 
that a model developed specifically to explore the effects of 
technological change and innovation could be used without modification 
for forecasting a period more than 5 years ahead.
The data and relationships on which the growth models were based 
are a reflection of the conditions - political, social, economic, 
technological, existing at the time. These conditions are changing, 
some more quickly than others, and for forecasting it is necessary to 
obtain some measure of how these changes are varying with time.
Any relationship including time as a variable can only be based 
initially on the historical data with subsequent modification to 
account for anticipated changes in the future.
The ldPE growth models were considered at an aggregated level of 
demand with a detailed analysis of the various components. For such 
a model to be of use in forecasting it is necessary to obtain values 
of the independent variables for the required period. This may not 
be possible with any accuracy, and a model containing a large number 
of variables may give a misleading impression of precision. The 
effect of using poor data in a large number of interrelated equations 
could lead to results being no better than well informed guesses. 
Therefore as the future time span is extended it is better if the 
model is based on aggregates of the system rather than detailed 
components. Both Gilfillan and Lilley mention this aspect of not 
focussing too narrowly or attempting to predict specific detail.
The future time span can be considered to cover two periods -
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relating to medium (up to 5 years) and long term forecasts (greater 
than 5 years). There is the short term forecast covering the period 
of several months to a year. Even in short term forecasts-discontinuity 
can occur through unforeseen political disturbances and natural 
disasters.. In the short term, innovation and technological change 
is unlikely to cause major disturbances and therefore only medium, 
and long term forecasting will be considered. Short term forecasting 
both at industry and national level has reached a fair degree of 
sophistication based on close understanding of the,behaviour and 
interrelationships of the variables in the system under study. Here 
the problem is the short time interval, where a forecasting error 
cannot be smoothed from cyclic changes over a longer interval,
10,2 Medium Term Forecasting Models
In considering the medium term it is necessary to focus on the 
variables and relationships describing the present and past behaviour 
and ask the questions ‘In what ways are these variables and relationships . 
likely to be altered in the next 5 years? What are the pressures and 
threats likely to be and how will the present constraints be 
altered?1 For a 5 year forecast the likely threats and pressures 
are already visible if they are going to have any effect on the system, 
although it may be difficult to quantify the results.
The work and methods described in Part 3 can provide a base for 
the development of forecasting models. In the work on production 
functions technological change was assumed to take place at a constant 
rate. However, the work on patents and publications activity showed 
that the rate of technological change in the field of ethylene 
polymerisation was slowing up. Therefore a constant rate of technological 
change should not be built into a forecasting model.
Any major technological developments likely to enhance or threaten 
the ldPE market in the medium term are already known and it is a 
matter of knowing when the innovative step will occur. This aspect 
will be more important in the long term as any innovation requires 
time (to become a threat or an asset) for market development and for 
the installation or expansion of production facilities.
There are the effects of changes in the external conditions on 
the system to consider, such as the enlarged trading area, effects
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of legislation on plastic waste and chemical effluent, company 
taxation, industrial relations. The effect of changes of varying 
magnitude on these variables can he considered from their effects 
on the cost function and the profitability of the product, which in 
turn will affect the rate of growth.
In considering possible changes in the structure of the demand 
function over a 5 year period it is unlikely that socio-economic 
conditions will change sufficiently to affect the present growth 
model. One must recognise that the social, economic and political 
environment can change rapidly with associated changes in needs, 
attitudes and values, but this will be more important over a longer 
period, when it is necessary to distinguish between short and long 
term trends. The demand will be effected by the price and quality 
of substitute materials and this will depend on technological progress 
in other product areas. For example, ldPE is already feeling the 
effect of competition from other plastics, particularly hdPE and PP.
In view of the changes likely to occur over the next 5 years a 
growth model developed for the present period can be used with minor 
adjustments.. ( .
10.3 Long-Term Forecasting Models
Outside this time span other variables will become important and 
it will not be sensible to work at such a detailed level. However, 
the main areas to consider are supply, including the inputs and outputs 
of research and development, and demand.
The product supply and demand situation will have to be considered, 
in relation to the total economy. That is some of the exogenous
variables will be expressed in terms of endogenous and exogenous
variables. The values of these variables will be obtained by assuming 
given values of the independent variables. The values of the independent 
variables will represent the goals and resources of society and the 
ldPE system. Based on the assumption that these specific conditions 
are going to be attained, the model can be used to predict values
of the other exogenous variables of the system.
Firstly, the overall state of society must be defined in terms 
of production and consumption at the national level, liquations must
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"be developed so that the dependent variables can be related to the 
exogenous variables at different levels,-in all manufacturing industries, 
chemicals and plastics. The supply and demand relationships can be 
considered at these different levels with the effects of technological 
change and innovation built into the appropriate equations. However,
'^_Cr5r ^S hA.:
P  fi.O ts vACL~T tO t4
C ot^S.UfAfiT\oH
it becomes obvious that this breakdown becomes too detailed and 
requires a large number of values which in many cases cannot be 
obtained. The construction of models based on input-output.analysis 
is not yet possible for detailed long term forecasting at the product 
level. More specific forecasts can be developed in association with 
Delphi and Morphological exercises. Also scenarios can he developed 
for a particular product based on the forecasters knowledge, data, 
research and intuition. However, unless the product can fit into the 
overall development of society taking into account recognisable 
progress and constraints, unrealistic attainments will be forecast. 
The development of a model based on several equations does make 
the forecaster consider the interaction and interrelationship of 
the variables affecting the system.
10.4 Production Functions in Long Term Forecasting
The production functions developed in Chapter 7 expressed output 
of ldPE in terms of labour and capital. Substitution between capital 
and labour was considered and also the effect of disembodied and 
embodied technological change. For the prediction of a certain 
quantity of polymer, the amounts of the inputs of capital and labour 
are required as well as the elasticity between capital and labour and
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some measure for the effect of technological change. For various 
values of elasticity, and rates of embodied and disembodied 
technological change used in our work, it was found that the best 
fit was given by a production function with an elasticity 
between capital and labour of 0.5 ? and technological change'embodied 
in capital at 5r P«a. If labour and capital inputs are put into
this function, the output of ldPE is obtained for a given value of t.
However, the major assumption of a constant rate of technological 
change continuing far into the future makes the model inaccurate, 
unless some modification is used. For forecasting purposes a more 
positive measure that is a function of time is required that takes 
into account the increasing constraints cn technological progress.
10.5 Cost Functions in Long Term Forecasting
The difficulties of isolating the factors responsible for changes
in average costs, including the effects of technological change, 
have been discussed in Chapter 8.
However, for forecasting purposes one is concerned with overall 
unit costs and it may not be too important to try to separate the 
various effects if extrapolation of present data is to be used. 
Examination of past trends in economies of scale and technological 
change may be helpful in showing whether there is likely to be drastic 
changes over the next few years.
In the last 15 years the size of petrochemical plants has increased- 
rapidly and with associated technological changes this has greatly 
influenced unit costs. If plants continue to expand, operating 
economies will continue but there Will be technical difficulties to 
overcome in constructing and operating these monsters. In the prediction 
of future costs of larger plants the cost and time to solve these 
problems of scale have to be estimated. Also the likely disadvantages 
of operation, such as reliability, excess demand, and safety. These 
comments can be equally applied to further scale-up of any large 
production unit. In particular the continuing scale-up of ethylene 
plants will have to be taken into account in any consideration of 
future ldPE costs.
Considering the cost of the other major inputs in the ldPE
VJ
1
10
process, these are raw materials, labour, electricity and capital.
The effect of economies of scale on capital has already been mentioned 
hut apart from this^there is the actual cost of equipment and 
installation. Even allowing for inflationary effects, the.price of 
metals will have an important hearing on capital costs. Obviously 
the supply and demand position regarding metals, and hence the price, 
will be influenced by the supply, technological developments and price 
of plastics through substitution effects. •
Bearing in mind the definitional equation
TT = Px - Cx P - selling price x - sales volume
C - unit cost t t  - profit
the profit will depend on total costs. These in turn will be closely, 
related to demand, future advertising and research and development 
effort. The amount of technological effort will depend on the 
pressure from competition and the opportunity for technological 
improvement. The amount of expected profit in the long term will 
influence the amount of expenditure on research and development.
The introduction of new products or processes and major improvement 
will have the effect of replacing old equipment more quickly than 
if no technological change had taken place. Also the rapid expansion 
in the demand for a nev/ product will assist in the diffusion of new 
technology, whereas a slowly growing market v/ill not provide the 
same inducement for technological change.
10,6 Patents and Publications Activity in Long Term forecasting
The work on ps/tents and publications relating to ethylene 
polymerisation showed a close correlation between the growth of the 
polymers (ldPE and hdPE), knowledge generation and patent activity. 
Patents lagged behind production and patents lagged behind publications 
Although a relation between production, patents and publications can 
be determined for the past, this will not be sufficient for forecasting 
purposes. The affect of other factors on the activity of patents 
and publications would have to be investigated, e.g. economic 
activity, expected profits, and research and development expenditure.
10
10,7 Demand Functions in Long Term Forecasting
The quantitative work on demand for the period 1950-1969 '"rovided 
information on the effect of several variables on U.K. ldPE per capita 
consumption. The socio-economic and political factors affecting 
demand over this period have not remained unchanged. Yvhat is required 
is a closer study of how the key variables in the demand function 
have changed with time and the reasons why. A demand function for 
use in a forecasting model could then be developed.
10o8 Extension of Analysis to Other Products
This work on the growth of Id IE has produced a framework for the 
analysis of various stages in the growth of the product. The 
continuing effect of technological progress and innovation have been 
considered and various methods of measuring technological change 
have been studied.
There is no reason why this approach should not be used to study ■ 
the.effects of innovation and technological progress on the growth 
of other products.
Hoy/ever, the success of using a growth model for forecasting will 
depend on the maturity of the product and the associated technology.
In the case of ldPE the effect of technological progress in shifting 
the constraints on demand to produce further expansion was studied 
over a period of 20 years.
However, if an innovation is still at an early stage in the growth 
cycle it may be difficult to forecast the effect of further technologic 
development on the product. Sufficient data will not be available to 
obtain a meaningful forecast of future demand. The product may not 
have established a permanent demand or gathered sufficient momentum 
to ensure progress into the next growth stage.
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